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With the advent of the space age has come the realization of 

close-up photography of the surfaces of other planets. 

success of three-missions of the National Aeronautics Space Adminis- 

tration's (NASA) Ranger Program has provided close-range observations 

of the surface of the moon. These close-range observations, although 

yielding an abundance of topographic information, are devoid of the 

geometric standards required for normal stereophotogrammetric mapping 

procedures, The photogrammetric reduction of this photography, there- 

The phen 

fore, required a modification in the conventional photogrammetric 

mapping procedures and equipment. This report describes the studies, 

development, and production performed during the investigation of 

"Experimental Mapping from Ranger Photography," and concludes that: 

(a) it is possible to obtain hypsometric data by stereophotogrammetric 

methods from photography having an extremely small parallactic angle, 

and that the maximum precision for a single z-observation ranges from 

0.01 mm (at the normal ratios of 0.62) to 0.09 (at the ratio of 0.03); 

(b) specially modified first-order analog and analytical stereoplotters 

afford the most efficient means for expedient map production from stereo- 

scopic pairs having non-standard geometric qualities, such as: unconven- 

tional focal length, uncommon formats, large variances from a normalized 

orientation, large-scale differences between photographs, and small 

base-to-height relationship; (c) Analytical Topographic Compilation is 

technically feasible, and provides a method of utilizing photography 
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that cannot be accommodated on standard-type or modified analog 

instruments; (d) these approaches (Analytical Topographic Compilation, 

and the use’of analytical and modified analog stereoplotters) are the 

solution to the prime objective which was to develop optimum methods 

for the reduction of Orbiter photography; and (e) the approaches 

used for the Ranger photography provide the most practical means for the 

production of lunar topographic maps from unconventional photography. 
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CHAPTER 1 

GENERAL INTRODUCTION 

1. PURPOSE. Studies and investigations were made to provide methods 

and equipment to permit maximum exploitation of stereographic measure- 

ments of lunar imagery from Ranger and the forthcoming Orbiter photog- 

raphy. 

2. ___. SCOPE. 

mapping from Ranger and planned Orbiter photography encompassed: (a) a 

The development and exploitation of methods in support of 

* 

Base-height Study; (b) an extension of the physical ranges of a first- 

order analog stereoplotter; (c) Analytical Topographic Compilation 

which included the development and exploitation of programs for mathe- 

matical correction of the effect of lens distortion, an Analog Plotter/ 

Mathematical Orientation Method, a Comparator/Analytical Method, and a 

Digital Contouring Method; and (d) experimental mapping from Ranger 

photography utilizing analog and analytical stereoplotters and the 

developed analytical methods. 
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CHAPTER 2 

BASE HEIGHT STUDY 

-. 

1. JNTRODUCTION. One of the characteristics of Ranger photography is 

an unconventionally small base-height ratio. The base is the distance 

between exposure positions; the height is the altitude of exposure 

above the surface being photographed. In Ranger, the base-height ratio 

goes from almost zero, just before impact, up to 0.2. The Orbiter base- 

height ratio, for the low-resolution mapping camera, will be about 0 . 3 .  

Nothing existed in the available literature on what precision and 

accuracy could be obtained with such geometry. This study, therefore, 

was a rigorous investigation to determine the precision of Z-coordinate 

observations; that is, the measurement of elevations, at the small base- 

height ratios of Ranger and Orbiter photography. The results of this 

study were published in Army Map Service Technical Report No. 55, "Experi- 

ments with Minimum to Optimum Base-Height Ratios," dated February 1966. 

2. SUMMARY OF TECHNICAL REPORT NO. 55. This study involved a statistical 

analysis of repetitive observations of a variable number of points in a 

series of stereoscopic grid models to determine the expected precision of 

a single observation of the Z-coordinate at the small base-height ratios 

of Ranger and Orbiter photography. These models consisted of 12 different 

base-height ratios ranging from 0.03 to 0.62, and also three projection 

distances. The study was made with precision grid plates which provided 

optimum conditions. Therefore, the results cannot be projected directly 
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- to indicate the precision of Z-coordinate measurements made under opera- x 

tional condititons where the resolution of the photography and the residual 

Y-parallaxes present in the stereoscopic model are factors which tend to 
- 

adversely affect precision of photogrammetric measurements. 

experience has shown that a correlation can be expected between stereo- 

H 

scopic grid model measurements and the measurements made from photography. 

In the experiments performed, the results indicated that the maximum 

obtainable precision of a single observation in the Z-coordinate ranges 

from 0.01 nun (at the normal base-height ratio of 0.62) to 0.09 mm (at the 

base-height ratio of 0.03). It was concluded from this study that at the 

weakest Ranger base-height ratio (0.07), which AMs had considered using 

in stereoconpilation, the precision of observation based on the grid model 

experiments is of the order of 0.04 mm. At a model scale of 1:1,000,000, 

this would correspond to 2 40 meters of uncertainty on the lunar surface. 

r 
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CHAPTER 3 

ANALOG STEREOPLOTTER CAPABILITY EXTENSION 

SECTION I. PURPOSE AND SCOPE 

1. PURPOSE. The abnormal tilts, the large-scale differences between 

successive exposures, and the low base-height ratios of the Ranger 

photography exceeded, in some respect, at least one of the physical ranges 

of each of the AMs conventional stereoplotters. 

dicative of any probe-type photography in which the photographic system 

is heading into the photographed surface. 

these abnormalities, an extension of the physical ranges of a first-order 

analog instrument was undertaken. 

selected for this purpose. 

2. 

Zeiss Stereoplanigraph C-8: 

projectors in the Stereoplanigraph C-8; 

Such geometry is in- 

To accommodate all three of 

The Zeiss Stereoplanigraph C-8 was 

SCOPE. Two approaches were taken in the capability extension of the 

(a) the incorporation of Balplex 525 

and (b) the manufacture of 

special Stereoplanigraph-focal-length cameras and accessories to replace 

the commonly used 152.4-nun-focal-length Stereoplanigraph cameras. 

SECTION 11. CAPABILITY EXTENSION UTILIZING 
BALPLM 525 PROJECTORS 

3. INTRODUCTION. The use of the Balplex 525 projectors to extend the 

physical range of the Stereoplanigraph was initiated as an interim solution 

to accommodate the abnormal Y-tilt of the Ranger photography, until the 

special Stereoplanigraph-C-8-focal-length cameras were received from the 

manufacturer. 

balplexigraph" (fig. 3-1). 

This special-purpose instrument was termed the "Stereo- 

e 
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Figure 3-1, Stereobalplexigraph. 
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a. Equipment. (1) 

C-8 is a first-order, 

f ,  or oblique photog 

height ratios ranging from 0.0 t9 approximately 1.3, and can be used for 

both photogrammetric control extension and compilation. In addition, its 

viewing-and-plotting-scale flexibility exceeds that of most analog stereo- 

plotters in that photographs may be viewed from 1.4 to 22.5 wgnification, 

depending upon the projection and principal distances, and plotting can 

be accomplished directly at any of 30 different scales. 

(2) Balplex 525 Prajecqors. The Balplex 525 projectors (wide- 

angle) were developed by the U.S. Geological Survey and manufactured by the 

Bausch and Lomb Optical Company. The projectors have a principal distance 

of 55 mm and use a 110-x IlO-mm diapositive plate, 82.5-x 82.5-mm image 

size. At the optimum projection distance (opt. proj. dist.) 525 nnn; the 

model scale is 9.5 tfmes the plate scale. 

b, Procedure. The modification of the Stereoplanigraph C-8, to 

extend its capability, consisted of replacing the standard (152.4-m1n-fl.) 

Stereoplanigraph 6-8 cameras with wide-angle (55-mm-fl.) Balplex projectors. 

The smaller format of the Balplex cameras eliminated the restraint in 

achieving the required common Y-tilt, imposed by the standard cameras 

coming in contact with the camera supporting frame. 

c. Results. A summary of the accommodation ranges as a result of 

this modification are expressed in table 3-1. 

5. RESOLUTION TEST. Resolution tests were conducted to indicate the 

resolving power of the Stereobalplexigraph. 
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Elements Range 
Projection Distance (2) 600 mm Maximum (Stereoplanigraph Limitation) 

525 mm Optimum 
390 mm Minimum 

Model Scale 9.5 x Diapositive Scale (at opt. proj . dist . ) 
Viewing Scale 

bX 

42.8 x Diapositive Scale (at opt. proj. dist.) 

0 t o  2 300 mm 

bY f 60 mm 

f 45 mm 

+ 30' to - 30' 

@ (C ommon Tip) 30' 

w (Tilt) 1: 9 O  

5 (Common Tilt) ;t 54' 

Jt (Swing) f 110' Approximate 

a. Material. The resolution plate (110 x 110 mk) for this test 

was prepared from a 9- x 9-inch diapositive plate consisting of a series 

of standard U.S. Air Force, black-on-white, resolution targets printed 

along the diagonals. 

of 0" and 45' from the optical axis. 

Target spacing corresponded to angular displacements 

b. Procedure. Resolution was determined by projecting the targets 

at various projection distances and viewing the resulting image at a 4 . 5 ~  

ocular magnification. The minimum resolution, in lines per millimeter, was 

determined at each angular position at projection distances ranging from 

450 to 600 mm. 

c. Results. The results of the resolution tests are given in table 3-11. 
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600 60 25 

575 64 26 
550 70 27 
525 72 28 
500 64 25 

475 46 23 
450 22 20 

6 .  GRID FLATNESS TEST. The flatness of the mapping plane is of critical 

importance, since any deviation enters into the measuring process with its 

full amount. The use of grid plates and the measurement of vertical de- 

formation of a grid model is usually considered the supreme performance 

test of a plotting instrument. 

a. Materials. A pair of precision grid plates (9 x 9 x 0.25 inch) 

prepared by the Bausch and Lomb Reduction Printer were, used to prepare a 

pair of positive grid plates (4 .33 x 4.33 x 0.25 inch) on the Wild U-3, 

Model B, printer. 

b. Procedure. The positive grid plates were used to form grid stereo- 

models at projection distances ranging from 391 to 600 mm and base-height 

ratios ranging from 0.10 to 0.59.  

the four corner grid intersections. Each of the 22 to 30 grid intersec- 

tions (varied according to the base-height ratio) were read a d  recorded 

three times by one operator. The geometry for each of the grid models is 

shown in table 3-S I I .  

Each of the grid models was leveled to 
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2 ,  525.00 292.23 0.56 
3 600.00 294.57 0.49 
4 568; 48 103.09 0.18 
5 498.00 51.63 0.10 

c. Results. (1) Model Flatness. The grid flatness test results 

for each of the models are shown in tables 3-IV through 3-VIII. All 

tables were made directly from the computer tab runs, therefore, the 

number of figures shown are greater than the significant figure. The 

computer program was written to handle many and varied conditions. The 

figures are good to two decimal places since the least reading on the 

instrument used is 0.01 mm. Symbol clarification for tables 3-IV through 

3-VI11 is given in table 3-XVII. An average of the standard deviation of 

the five vertical model flatness test results may be considered to be the 

average flatness obtainable for many combinations of'projection distances 

and base settings. The average standard deviation 

SIGMAL -- -0.189 0.04 mm. 
!A, qSz) = c z  5 

(2) Indicated Vertical Accuracy. In an over-all appraisal of the 

Stereobalplexigraph it may be permissible to adhere to conventional con- 

cepts which recognize vertical accuracy as the criterion of performance. 

In these terms, the statement of vertical accuracy, based on the average 

standard deviation of the five model flatness tests and an average of 

the projection distances, indicates a vertical accuracy of one part in 

12,900. 



" 

c 



12 

Table 3-V. Stereobalplexigraph Grid Flatness Analysis 

Point Number 

1 ___-- 

2 
3 
f 
a 
6 

8 
9 

10 
I11 

7 
____ 

12 
1 3  

Expressed in mm for Mot 

SIGMA Z 

Determination of Flatness for Entire Model 

Z SIGNAL Z STEML Z SIGMA 3.3L Z SIGMA 3L 

.0212 .003 .091 ,083 

ZSIGMA2L I Z SIGMA 1.6449 I Z PEL I ZRNISEL 

.055 .045 ,019 .027 
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z SIGMAL 

.036 

Z SIGMA 2L 

. Q71 

Table 3-VI. Stereobalplexigraph Grid Flatness Analysis 
Expressed in mm for Model 3 

Z STEML Z SIGMA 3.3L Z SIGMA 3L 

,004 .117 .107 

Z SIGMA 1.6449 Z PEL Z RMSEL 

.058 .024 .035 

I 
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Z SIGMAL 

Table 3-VII. Stereobalplexigraph Grid Flatness Analysis 
Expressed in mm for Model 4 

I 

Z STEML Z SIGMA 3.3L Z SIGMA 3L 

Point Number 

9 
3 

.004 .036 

4 
7-- - 

a 
--P 

10 - 
12 

14 
1 5 " -  
16 
17------ 
18 
19 
20 

22 
23 

2 4  
Ts 

--_ 

- 1 3 -  - 
- -  

. - -  

---_ 

-21----- 

.119 . lo9  

SIGMA Z 

Z SIGMA 2L 1 Z SIGMA 1.6449 Z RMSEL Z PEL 

I .072 .060 .024 .036 
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Table 3-VIII. Stereobalplexigraph Grid Flatness Analysis - -  

Expresseh in  mm for Ma 

Point Number SIGMA Z 

P 

le1 5 

RMSE Z 

Determination of Flatness for Entire Model 

Z SIGMPLL Z STEML Z SIGMA 3.3L Z SIGMA 3L 

.055 .006 .180 .164 

: ZSIGMAZL Z SIGMA 1.6449 Z PEL Z RMSEL 

. l o 9  .090 .037 .054 
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7 .  DISCUSSION. a. Capability Extension. The modification of the Stereo- 

planigraph C - 8  utilizing Balplex 525 projectors increased its common tip 

range from 18' to 300 . 
t 20 to +, 45 mm. 

the lower altitude Ranger photography since the change in altitude between 

In addition, its bZ range was increased from 

The Stereobalplexigraph, however, will not accommodate 

exposures exceeds the absorption of scale difference capability of the 

instrument. 

b. Resolution. Resolution tests showed that the Stereobalplexigraph 

will accomodate material with qualities superior to that used for mapping 

the earth. However, the Ranger material does not have sufficient inherent 

resolution to withstand the total magnification at the viewing scale of the 

instrument. The resulting resolution of the Ranger material at the viewing 

scale is approximately 2 lines/=. 

instrument operator could not remove the Y-parallax in the model. Sub- 

sequent minor modifications to reduce the overall magnification of this 

instrument did not prove successful, as any attempt to reduce the viewing 

scale also reduced the size of the floating reference mark to a point 

where it could not be distinguished from the imagery. A major modification 

A s  a result of the low resolution the 

to the floating reference system could have eliminated the problem. How- 

ever, the contract time frame did not allow this extensive modification 

and a complete recalibration of the viewing system of the Stereoplanigraph 

C-8. 

c. Grid Flatness Test. The grid model flatness test results would 

have shown a superior indicated vertical accuracy for the instrument if 

the base-heighg ratio of each of the models had been held at the normal 

0.56. The base-height ratios were not held constant, however, so that an - 
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average model deformation could be determined that would give an average 

indicated vertical accuracy for the many combinations of projection 

distances and base settings inherent in the Ranger photography. 

8. CONCLUSIONS. It was concluded that: 

a. The Stereobalplexigraph is more versatile than most first-order 

analog instruments as it is capable of accommodating photography with 30° 

of inherent common tip. 

b. The resolving power of the Stereobalplexigraph,at optimum pro- 

jection distance, is comparable to most first-order analog instruments. 

However, the resolution of the photography used must be capable of with- 

standing the total system magnification. 

c. The indicated vertical accuracy of the instrument is comparable to 

first-order analog instruments. 

SECTION 111. CAPABILITY EXTENSION UTILIZING SPECIAL-FOCAL-LENGTH 
STEREOPLANIGRAPH C-8 CAMERAS 

9. INTRODUCTION. To extend the physical ranges of the AMS Stereoplanigraph 

C-8, a complete line of plotting cameras, ranging from 100 to 600 mm in 

focal length, and accessories were ordered from the manufacturer, Carl 

Zeiss, Oberkochen, West Germany. Two pairs of these cameras (100-and 210- 

mrvfl) were ordered specifically to obtain maximum exploitation of Ranger 

and Orbiter imagery. These special plotting cameras and accessories in- 

creased the common tip Abz range of the Stereoplanigraph. However, the 

contracting and delivery time frame allowed only limited experimentations. 

One pair of the special cameras (210-m-fl) was selected for immediate 

use, as it would provide the maximum model scale that the inherent reso- 

lution of the Ranger VI11 A camera photography could withstand (fig. 3-2). 
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10. CAPABILITY EXTENSION. a. Equipment. (1) Zeiss Stereoplanigraph 

- C-8. Refer to chapter 3 ,  section 11, paragraph 4-a.(1). 

(2) 210-mm-focal-length Stereoplanigraph C - 8  Cameras. The 210- 

mm-focal-length Stereoplanigraph C-8 cameras were designed and manufactured 

by Carl Zeiss. 

tance of 210 mm and use a positive or diapositive plate up to 230 x 230 mm. 

The cameras are distortion-free and have a principal dis- 

b. Procedure. The extension of the common tip ( a )  range of the 

Stereoplanigraph encompassed the manufacturing and mounting of special 

forks, lighting sources and 210-mm-focal-length plotting cameras. The 

first step in the assembly and adjustment process was the replacement 

of the standard forks with the special, long forks. Then, after the mount- 

ing and precise rotation of the cameras about their Z-axes, with respect 

to the long forks, a considerably increased freedom in @was obtained. 

An additional increase in Q, was obtained by precision milling of the 

camera frames to allow them to pass inside the camera and light source 

support units. The installation and adjustment of these special components 

allowed the common tip range of the Stereoplanigraph to be extended from 

18 to 25 degrees. 

c. Results. The results of this modificztion are expressed in 

table 3-IX, as a summary of the physical ranges. 

11. RESOLUTION TEST. Resolution tests were performed to indicate the 

combined resolving power of the 210-mm-focal-length cameras and the 

Stereoplanigraph optical train. 

a. Material. The resolution plate for this test consisted of a 

series of Standard U.S. Air Force, black-on-white, resolution targets 
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Elements Range 

Projection Distance (Z) 

Model Scale 
Viewing Scale 
bX 
bU f 30 mm 
bZ f 20 mm 

Q (Common Tip) 2 5' 

600 rnm Maximum 
2OQ mm Minimum 
2 . 9 ~  Diapositive Scale (at max. proj. dist,) 
13x Diapositive Scale (at max. proj. dist.) 
0 to  f 300 mm 

'p (Tip) + 25' to  - 30' 

w (Tilt) 9O 
5 (Common Tilt) k 54O 

(Swing) 360' 

printed along a diagonal of a 9- x 9- x 0.25-inch glass diapositive plate. 

The targets had a resolution of 144 lines/mm. 

to angular displacement of Oo, 20°, 30°, 40°, and 45O from the optical 

axis. 

Target spacing corresponded 

b. Procedure. Resolution was determined by projecting the targets 

at various projection distances and viewing the resulting image at an 

additional 4 . 5 ~  magnification. The minimum resolution, in lines per 

millimeter, was determined at each angular position at projection distances 

ranging from 200 to 600 rmn. 

c. Results. The results of the resolution tests are given in table 3-X. 

Table 3-X. Results of 2 10-mm -focal -length Ste reoplanigr aph 
Resolution Tests in Lines/mm 

Projection Distance 
(mm) 

Angle from Optical Axis 
1 

i 62 6 1  1 59 58 ; 57 1 57 
1 

600 
I 

500 

400 1 50 1 50 

3 00 

200 

i 
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Model No. 

1 

2 

3 

4 

5 

12. GRID FLATNESS TEST. Grid stereomodels were set to provide an indi- 

cation of instrument accuracy. 

a. Material. A set of precision 240- x 240- mm positive grid p 

with a 22. 

the Stereoplanigraph C-8 manufacturer. 

grid spacing was used. The grid plates were prepared by 

b. Procedure. The grids were used by one operator to form one 

Projection Distance (mm) Base (mm) 

200 85.44 

300 ,128.63 

400 171.17 

500 214.01 

600 256.72 

grid stereomodel at five projection digtances ranging from 200 to 600 mm 

at a base-height ratio of 0.43. Each of the grid models was leveled to 

the four corner grid intersections. Twenty-three grid intersections of 

each of the absolutely oriented models were read and recorded six times. 

The projection distances and base settings for each of the grid models 

are shown in table 3-XI. 

of the models is shown in tables 3-XI1 through 3-XVI. All tables were 

made directly from computer tab runs. 

places since the least reading on the instrument is 0.01 nun. Symbol clari- 

The figures are good to two decimal 

fication for tables 3-XI1 through 3-XVI is given in table 3-XVII. Based on the 

five vertical model flatness test results, the average standard deviation 

(A, os ) = CZ S I G m L  = o.081=0. 016 mm. 
n 5 Z 
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Table 3-XII. 210-mm-focal-length Stereoplanigraph Grid Flatness Analysis 
E 

Point Number 

- - - _- 4-- 
- --7 _-. --- 

0 
9 
10 
11 
12 - 
13 
14 
15 
16 
17 
18 - - 

19 
20 
21 
22 
23 . 

ressed in mm for Model 1 

SIGMA Z 

Determination of Flatness for Entire Model 

Z SIGMAL Z STEML Z SIGMA 3.3L Z SIGMA 3L 

.016 .001 .053 .048 

z SIGMA 2L Z SIGMA 1.6649L Z PEL Z RMSEL 

.032 .026 * 011 .016 
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Table 3-XIII. 210-mm-focal-length Stereoplanigraph Grid Flatness Analysis 
Expressed in mm for Model 2 

e1549193E-01 
e1861899E-01 

q2136976E-01 
z2OOOOOOE-01 
z1632993E-01 
a3881580E-01 
e2639444E-01 
r1722401E-01 
r1211060E-01 

e3224903E-01 
e1505545E-01 
017224016-01 
r116904SE-01 

,2b59320E-O1 

Determination of F1,atness for Entire Model 
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Table 3-XIV. 210-mm-focal-length Stereoplanigraph Grid Flatness Analysis 
Expressed in mm for Model 3 

Point Number 

1 - I ._.. .- 

2-- - ._ 

3 -  
4 - 
5 _... - 

. . .  - 6 _ _  ._ 

- 7  - 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

19 
20 
21 
22 
23 

- la-  ._ 

SIGMA Z RlMSE 2 

Determination of Flatness for Entire Model 

Z SIGMAL Z STEML Z SIGMA 3 . 3 L  Z SIGMA 3L 

.015 . O O l  .051 .046 

Z SIGMA 2L Z SIGMA 1.6449 Z PEL Z RMSEL 

.031  .025 . O l O  .015 
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Table 3-XV. 210-mm-focal-length Stereoplanigraph Grid Flatness Analysis 
Expressed in mm for Model 4 

Point Number 

1 
_. 

- 3 -  
- 4-- - 

a -  
9 
10 
11 
12 
13 
14 
15 
16 
1? 
18 - 

19 
20 

23 

Determination of Flatness for Entire Model 
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Z SIGMAL Z STEML Z SIGMA 3.3L 

.017 . 001 .057 

Z SIGMA 2L Z SIGMA 1.6449L Z PEL 

.034 .028 .012 

Table 3-XVI. 210-mm-focal-length Stereoplanigraph Grid Flatness Analysis 
Expressed in mm for  Model 5 

Z SIGMA 3L 

,052 

Z RMSEL 

.017 

Point Number 

- 1 -  
_ _  - 2  

3 
. . 4 ~ - -  

- -  5 

7 

9 
10 
11 
12 
13 
14 
15 
16 
I7 

19 
20 
21 
22 
23 

- _  

- - 6  __ 

a 

ia - 

~ 

SIGMA Z 

o7527727E-02 
o2136976E-01 
01169045E-01 
a8164966E-02 
e2401388E-01 

-- m2658320E-01 
o2160247E-01 
o1861899E-01 
01760682E-01 
e1632993E-01 
r2401388E-01 
o2065591E-01 
.3209361E-01 
1378405E-01 
el75119OE-01 
e6324555E-02 
e1471960E-01 
m25884366-01 
e1169045E-01 
e1378405E-01 
e2073644E-01 
e1211060E-01 
.2000000E-01 

RMSE Z 

e6871843E-02 
e1950783E-01 
*1067187E-01 
97453560E-02 
e2192158E-01 
s2426703E-01 
e1972027E-01 
r1699673E-01 
o1607275E-01 
e1490712E-01 
*2192158E-01 
.1885618E-01 
e2929733E-01 
e1259306E-01  
e1598611E-01 
e5773503E-02 
01343710E-01 

. .. r2362908E-01 
01067187E-01 
o1258306E-01 
e1892969E-01 
r1105542E-01 

. e  18257426-01 
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Table 3-XVII. S-ymbol Clarification for Tables 3-IV through 3-VI11 and 
3-XU throuq 

Terminology 

Arithmetic Mean 

Residual 

Standard Deviation for 
Individual Point 

Root Mean Square Error  for  
Individual Point 

~ ~ 

Standard Deviation for All  
Points 

Standard E r r o r  of the Mean 
of All  Points 

Maximum Er ro r  for Al l  Points 

Three Sigma for All Points 

Two Sigma for All Points 

90% Er ro r  for All Points 

Root Mean Square Error for  
All  Points 

Probable Error  for All Points 

1o-l; and etc. 

3-XVI. 
Symbols in Tables - 

z 

A Z  

SIGMA z 

RMSE Z 

z SIGMA L 

Z STEM L 

Z SIGMA 3.3L 

Z SIGMA 3L 

Z SIGMA 2L 
Z SIGMA 1.6449L 

Z RMSEL 

Z PEL 

E-01; E-02, etc. 

- 
Equati 01151 

where: 

Zp = numerical value of 
specific point 

AN = number of readings 
per  point. - z, - z 

where: 
n = Number of Points 

Obse rved 
Z SIGMAL - 

(3.3) (Z  SIGMAL) 

(3.0) (Z  SIGMAL) 

(2 .0)  ( Z  SIGMAL) 

Cnl 

(1.6449)(2 SIGMAL) 
F 1 

(0.6745) ( Z  SIGMAL) 
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(2) Indicated Vertical Accuracy. The indicated 

accuracy for the 210-mm-focal-length Stereoplanigraph is one part in 

24,400. The indicated vertical accuracy was computed from the average 

standard deviation of the five vertical model flatness test results and 

an average of the projection distances. 

13.  DISCUSSION. a. Capability Extension. The modification of the 

Stereoplanigraph C-8 utilizing 210-mm-focal-length Stereoplanigraph 

plotting cameras allows the accommodation of photography with 25' of 

inherent comou tip. The 210-mm-focal-length Stereoplanigraph C-8 will 

accommodate up to 13 percent of scale difference between exposures com- 

prising a stereoscopic image. Although no test utilizing Ranger photog- 

raphy has been initiated, theoretically the absorption of scale difference 

can be increased to accommodate photographs, with a scale factor dif- 

fence up to six, by pairing the special focal-length cameras which range 

from 100 to 600 mm. 

b. Resolution. Resolution tests showed that the 210-mm-focal-length 

Stereoplanigraph C-8  will resolve a minimum of 57 lines/mm at the maximum 

projection distance and 26 lines/mm at the minimum projection distance. 

In order to exploit the maximum resolving power of the 210-mm-focal-length 

Stereoplanigraph C-8, the Ranger material should have a minimum resolution 

af 176 lines/mm. 

c. Grid Flatness Test. A comparison of the results of the 210-mm- 

focal-length Stereoplanigraph grid model flatness test with the results 

of previous grid model flatness tests of the 152.4-mm-focal-length Stereo- 

planigraph showed an increased indicated vertical accuracy approximately 

equal to one part in 8,400. 
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14. CONCLUSIONS. It was concluded that the 210-mm-focal-length Stereo- 

planigraph C-8 will: 

a. 

b. Exploit the Ranger photography with inherent resolution up to 

Accommodate photography with 25' of inherent common tip. 

176 lines/mm at diapositive scale. 

c. Provide stereoscopic models at projection distances ranging from 

200 to 600 mm with an average standard deviation of 0.016 mm from a true 

plane. 
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CHAPTER 4 

LENS DISTORTION CORRECTION 

SECTION I. INTRODUCTIOY 

1. GENEK4G. One reasm for utilizing analytical approaclie:; to photogram- 

metric problems is the fact that known syst 

distortion, can be corrected in the mathematical reduction. Although a 

standard camera calibration certificate is not available for the Ranger 

cameras, the Jet Propulsion Laboratory (JPL) furnished a three-point 

graph representing the radial lens distortion at a calibrated focal length 

of 26.09 mm. This chapter defines the elements of interior orientation 

that were used in the Ranger analytical computation, and discusses a com- 

puter program that was written to compute the radial distortion equation 

from the Ranger camera calibration data. 

correct the effect of radial lens distortion in the analytical adjustments 

discussed in chapter 6. 

2. .PROBLEM DEFINITION. 

is called "interior orientation." By interior orientation, it is under- 

stood that the bundle of rays that existed, between the object and the 

These equations were used to 

The main problem to be dealt with in this chapter 

lens, at the instant of exposure is geometrically reconstruzted. 

3 .  GEOMETRICAL DEFINITION. In a geometrical sense, the interior orienta- 

tion is determined as the data that fix the perspective center with respect 

' I  

to the image plane during photography. These elements are illustrated in 

figure 4-1 and are defined as follows: 

a. The principal point (x y ) is the position of the image plane 
P' P 

at the foot of the perpendicular from the perspective center to the image 

plane. 
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7 . -  

Lens Axis 

.Image Point 

--x 

/ 
IL 

/ 

Y // 

Figure 4-1, Interior Geometry. 
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b. The length of this perpendicular or the distance from the 

perspective center to the image plane is called the principal distance 

[focal length (c)]. 

e. Radial lens distortion is usually given in tabular or graphic 

values. It is the amount a point is displaced radially away from its 

true position, on the photography, due to radial lens distortion. 

4 .  RANGER VI11 A CAMERA DATA. Since a standard calibration certificate 

is not available for the Ranger A camera, some assumptions were made, and 

then associated with the information obtained from JPL. These assumptions 

for Ranger VI11 A camera are as follows: 

a. No clearly defined principal point (x ,y ) is given, hence it was 
P P  

assumed to be zero, coinciding with the intersection of the four reticle 

marks that surround the center reticle. Ideally, this value does coincide 

with the fiducial intersections, but is seldom exactly true. 

b. The length of Zhe perpendicular (c), the focal length, is 26.09 mm, 

as furnished by JPL to AMs. The given (c) is often published as 25.00 mm. 

A three-point graph, copied from the JPL three-point radial dis- c. 

tortion graph, is shown in figure 4-2.  The radial distortion n r  is 

directed radially away from (positive) or toward (negative) the principal 

point, and it is a function of the radial distance r (called d, by Schmid) 

from the principal point. 

by the JPL graph, are negative. 

1 

A l l  radial distortion (nr) values, as given 

Lens distortion may be represented by: 

(1) A graph of A r  plotted with respect to CY as in figure 4-2.  

( 2 )  A polynomial of the form: 

A r = & r + K , r 3 + & r 6 + K 3 r 7  + e . .  . 

Superscripts refer to similarly numbered entries in the Literature Cited 
section of the chapter. 
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Microns 
1 +10 r 

0 

-10 

-2 0 

-30 

-70 

-80 

-90 

-100 -I 
16' 

Lens Half Angle 

Figure 4-2. Ranger VI11 A Camera Radial Distortion Curve. 
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SECTION 11. WTHEMATICAL TReATMENT 

5. GENERAL FORM OF RADIAL DISTORTION EQUATION, The general form 

for the radial distortion curve that is accepted by photogrammetrists 

such as, Schmid , Brown , Sewell , and Doyle is a polynominal of the form 
1 2 3 4 

A r = & r + K , r 3  + K 2 r 6  + K 3 r 7  + . . a  

where Ar is the radial distortion at a point x, y 

p' YP) r is the radial distance from the principal point (X 
K's are the unknown lens distortion parameters. 
r = c tana, where a is the angle given in figure 4-1. Also, 

6 .  LEAST SQUARES CURVE FIT. Given a s e t  of Ars and as for a camera of 

given focal length, c, the normal equations can be formed provided that a 

minimum of four sets of ar and a are given. More than four are required 

to benefit from least squares, 

a. Observation Equations. Given N observations Erom the calibration 

certificate, where N is usually less than 11, the observations can be formed 

in matrix notation as follows: 

or A r  = RK, 

b. Normal Equations, The normals can be formed by multiplying 

each side of equations (4 -2)  by the transpose of matrix R called "RT". 
f 
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Then DTR] (K) = [RTAr] are the normal equations, ( 4 - 3 )  

In detail they are: 

( 4 - 4 )  

where 

The solution to equations ( 4 - 3 )  by taking the inverse is 

&- considers all rs from 1 to N, 

' (K) = [RTR]-' [ R T b 1  

or the four unknown coefficients (K) may be obtained by considering 

equations ( 4 - 4 )  as a set of simultaneous linear equations in four unknowns. 

The resulting equation representing the lens distortion for the given data 

is hi = K ri + K l r f  + I(;2rf + K a r l  ; &, K I )  KZ and K3 

and is the direct input to the Comparator/Analytical Photogramnmetric System 

described in chapter 6 .  

then computed by the expressions 

For example, the corrected photo coordinates are 
m i  xi  = x i ( l -  ri 
Ari 

yi' = yi (1- -). ' 

'i 
are photo coordinates corrected for the effect of radial distortion. X i )  Y[ 

X i ,  yi are photo coordinates reduced to the principal point, but not 

corrected for distortion. 

SECTION 111. RANGER VI11 A CAMERA DISTORTION DATA 

7. 

AMs personnel to JPL, a radial distortion graph was obtained. 

based on three points with A r  and the angle a given for the three points 

at a focal length of 26.09 nun. 

GIVEN RADIAL DISTORTION DATA FROM JPL. During a coordination trip by 

The graph is 
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* 

8 .  GRAPH OF DISTORTION. Figure 4-2  is  a copy of the  o r i g i n a l  JPL da ta  with 

add i t iona l  values in t e rpo la t ed  by AMs t o  provide da t a  t o  def ine  the poly- 

nomial t o  be f i t t e d .  
- 

Dis to r t ion  a t a  = 12.5 degrees is  -65 microns. 

SECTION IV.  COMPUTER PROGRAM FOR COMPUTING 
RADIAL DISTORTION CURVE 

9. GENERAL. 

u t i l i z e  any r a d i a l  d i s t o r t i o n  conf igura t ion  such as Ranger, Orb i t e r ,  e t c .  

The program is  w r i t t e n  i n  FORTRAN IV i'or the  Honeywell-800 Computer. 

i t  i s  i n  FORTRAN, i t  can be e a s i l y  adapted t o  most computers. 

10. INPUT. The input  t o  the  program is  by punch cards as follows: 

This program w a s  w r i t t e n  i n  order  t o  develop a c a p a b i l i t y  t o  

Since 

Card No. Columns Input 

1 1 - 48 User 's  opt ion,  such as name and no. of camera. 

2 2 Se t  t o  1 f o r  Or and azimuth, a . 
S e t  t o  2 f o r  Ar  and r a d i a l  d i s t ance ,  r .  

30 - 45 Focal length.  

66 - 67 N o .  of s e t s  of A r  and azimuth o r  
of Ar  and r a d i a l  d i s tance ,  

80 L a s t  card ind ica to r .  

3 , 4 .  .n I f  Ar  and azimuth. 

7 - 22 Ar.  

3 5  - 4 2  Azimuth o r  i f  r a d i a l  d i s t ance  ins tead  of azimuth. 

30 - 45 Radial d i s tance .  

11. 

the f i t .  

OUTPUT. The program f i t s  the  curve,  computes r e s idua l s  and RMSE of 

Each of these  i t e m s  can be seen i n  the  output shee ts .  (See 
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figure 4-3. )  Note that focal lengths of 26.09, 41.5975, 55.1806, .etc., 

are shown. These represent the focal lengths of enlarged photogiaphs 

(plates), so images of overlapping photographs would be nearly the same 

scale, and, therefore, measurements could be made by a stereocomparator. 

SECTION V. APPLICATION TO LUNAR ORBITER MISS1 

12. DATA UTILIZATION. Cameras for the Lunar Orbiter miss 

calibrated and calibration certificates will be furnished to all users. 

The program described in this chapter will be utilized to compu 

radial distortion curves for these cameras. These data can be utilized 

in all photograinmetry applications that correct for radial distortion. 

SECTION VI. LITERATURE CITED 

1. SCHMID, H. H. "A General Analytical Solution to the Problem of 
Photogrammetry," 
Aberdeen, Md.: Aberdeen Proving Ground. Jul 1959. 

Ballistic Research Laboratories Report No.1065. 

2 .  BROWN, D. "A Treatment of Analytical Photogrammetry with Emphasis 
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Report No. 39. New York: Radio Corporation of America. Aug 1957. 

3 .  .SEWELL E. D. "Aerial Cameras," in Manual of Photogrammetry, M. M. 
Thompson, ed. F a l l s  Church, Va.: American Society of Photogrammetry. 
1966: V o l  I, Ch IV. 

4 .  DOYJX, F. J. "Analytical Photogrammetry." Ibid. Ch X. 
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CHAPTER 5 

ANALOG PLOTTER/MATHEMATICAL ORIENTATION SYSTEM 

SECTION I. INTRODUCTION 

1. PROBLEM DEFINITION. Relative orientation of Ranger VI11 stereo- 

models can be achieved in the stereoplanigraph with Ranger VI11 photo- 

graphy; but, due to physical limitations of the instrument, absolute 

orientation cannot be achieved largely because of the excessive tilts 

inherent in this photography. GETRAN (&neral Transformation, previously 

titled X, Y, Z Transformation Program [Absolute Orientation]) was developed 

out of a need to continue where the stereoplanigraph leaves off in order 

to achieve absolute orientation of the stereoplanigraph x, y, z-coordinates. 

GETRAN is a program for a rigorous least squares transformation of one 

orthogonal coordinate system to another. It a l s o  considers the curvature 

of the defined spheroid. 

2. GENERAL DESCRIPTION. Section I1 below has been designed to provide 

the reader with not only a general description of the program and its 

options, but also a general description of the mathematics used throughout 

the program. In this section, the descriptions are in the exact order 

of the logical execution of the program. This provides the reader with the 

basic logic pattern used in the program and provides a quick reference as to 

what is happening at any point in the program. Specific formulae which 

were used in the transformations, the adjustment, and various miscellaneous 

mathematical special purpose formulae used in the program are given in 

section 111. 
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3 .  SYSTEM CONFIGURATION. GETRAN is coded in FORTRAN IV programming 

language and is designed to be operational on the Honeywell-800 system. 

This system has a 16,000 word position memory. Each word has a 48- 

bit structure which eliminates the necessity of double precision. 

SECTION 11. GENERAL DESCRIPTION OF PROGRAM OPEWTION, 

4. - USER OPTIONS, The program has been designed to be as flexible as 

possible within the limits of memory storage capacity of the Honeywell-800. 

a. Digital Contouring Format Option. T h e  user may elect to have 

rhe adjusted data written in a format that is acceptable to a digital 

contouring program (described in chapter 7 ) .  

b. - Surface Control Input Options. - Several types of input options 

are available for the surface control values. The user may enter surface 

control values in a right-handed rectangular Cartesian coordinate system 

(X, Y, and 2 ) .  The adjusted answers will be in the same X, Y, and 2 

system (curvature correction is not considered in :his option). Or, the 

user may enter surface control values in the Planetodeticfc ( (p , A ,  and h) 

Coordinate System. Values for cp and A may be entered either as decimal 

degrees or degrees, minutes, and seconds. The value of the elevation, 

h, is entered in meters. 

c. Variable Solution Option. There are three types of solutions 

*The Analog PlotterlMathematical Orientation System is a completely 
general system which can be applied to any ellipsoid of any planet. The 
use of such terms as geodetic and --- selenodetic - would be incorrect because, 
these terms refer to specific heavenly bodies. 
of general terms that could be used to refer t o  any planet was established. 
The terms used in this chapter will be defined when they are first introduced. 

The need for a vocabulary 

planetodetic - [Greek planet& to wander 3- daisia, stem of 
daiesthai, to divide,] Relating to the geometry of planetodetic 
lines of a planet (defined in the same way as the geometry of the 
geodetic lines for the planet Earth). 
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poss ib le :  non-conformal, modified conformal, and conformal. 

(I) Non-conformal Solu t ion .  The use r  may elect t o  have t h e  

adjustment based on the  non-conformal s o l u t i o n  where scale X,  s c a l e  Y ,  

and scale Z are l e f t  a t  t h e i r  computed va lues  and are no t  n e c e s s a r i l y  equal .  

(2)  Modified Conformal So lu t ion  o r  Conformal Soluf ion.  The use r  

may e l e c t  t o  have the  adjustment based on a conformal s o l u t i o 3 .  If t h i s  

op t ion  i s  e l e c t e d ,  t h e  program w i l l  compute a common scale f o r  X and Y and 

examine the  d i f f e r e n c e  between t h i s  common s c a l e  and the non-conformal s c a l e  

Z .  Should t h i s  d i f f e r e n c e  be l a r g e ,  Che program w i l l  compute a modified 

conformal so lu t ior l  where s c a l e  X and Y are forced t o  a common s c a l e ,  and 

s c a l e  Z i s  held a t  i t s  non-conformal value.  Shoald t h i s  d i f f e r e n c e  be 

small, t h e  s c a l e  X ,  s c a l e  Y ,  and s c a l e  Z w i l l  b e  forced t o  t h e  comnon 

sca l e .  I n  e i t h e r  one of che two condi t ions ,  t h e  program w i l l  make t h e  

necessary adjustments t o  t h e  ocher o r i e n t a t i o n  parameters.  

d .  we Than One Adjustment. The user  may wish t o  run more than one -- 
adjustment.  The program i s  designed t o  accommodate an i n f i n i t e  number of 

s epa ra t e  so lu t ions .  T h i s  e l imina te s  the  n e c e s s i t y  of recompiling the  

program f o r  every s o l u t i o n .  

5. MAXIMUM AND MINIMUM NUMBER OF CONTROL POINTS. a. Maximun Number of Con- 

t r o l  Pc in t s .  The program consumes a l a rge  p o r i t i o n  of memory. Due t o  

t h i s  f a c t ,  i t  w a s  necessary t o  l i m i t  t he  nunber of s u r f a c e  c o n t r o l  po in t s  

------- -- 

t h a t  may be en tered  t o  50 f o r  any s i n g l e  s o l u t i o n .  

b. Minimum Number of Control  Po in t s .  Because three independent scales 

are determined f o r  s c a l e  X s c a l e  Y ,  and s c a l e  Z ,  a unique s o l u t i o n  i s  

obtained with four  s u r f a c e  con t ro l  po in ts .  

i s  obtained wi th  four  po in t s .  

Therefore ,  a minimum s o l u t i o n  
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c. Error Check. In any attempt to use less than four or more than 

50 surface control points as stated above, the program will generate an 

error, calculations will be terminated, and the program will go to the 

next solution. 

5. PLANETODETIC CONVERSION. a. Planetodetic Coordinate System to Local 

Space Rectangulsr Coordinate System (LSRCS). 

Planetodetic CoordinaLe System t o  an LSRCS for the control net that was 

The program will convert the 

entered into the program. The planetodetic coordinates are projected onto 

the equatorial plane, which yields planeLocentricf: coordinates. A centroid 

value for both the planetodetic system and the planetocentric system is com- 

puted. The planetocentric system is then passed through a rotation matrix 

to obtain the LSRCS. At this point, a - false value - is added to the X, Y, 
and 2 values to nake them posicive. 

b.  Translsting the System and Program Edit - for-cpl-& , and - h and the 

Computed LSRCS Values. These false values, mentioned in the previous para- 

graph, translate the system to a positive region. These values are removed 

after the adjuscment problem is completed imnediately before the LSRCS 

is returned to the Planetodetic Coordinate System. An edit of the 

originalv, , and h values that were entered and the corresponding 

LSRCS Y, Y and Z values are given. 

7. FINAL ORIENTATION - -  NON CONFORMAL SOLUTION, a. Centroid. A centroid 

is first calculated for the LSRCS. This is done in order to reduce the 

magnitude 01 che num5ers. Also,  a centroid is calculated for the instrument 
-I------ ----- 

*Elanetocentric -I_II_-- [Gceek p&@S~s_ to +dander t -cezltric. ] Rslatinz to, 
measured froin, or as if o3ssrve.d from a planet's center. 
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values  co r re spmding  t o  t h e  known s u r f a z e  c o n t r o l  i n  order  t o  m k e  t h e  

instrument s y s t e x  c o q a t i b l e  v i t h  the  s u r f a z e  zozltrol system. 

b. F i n a l  O r i e n ~ ~ ~ i ~ U s i n g L e a s t _ S 2 u a r e s .  T5e o5serva t io2  equat ions 

are formed f o r  t h e  c o n t r o l  n e t  (ne t  -- r e f e r s  t o  t h e  knom s u r f a c e  c o i t r o l  and 

t h e  corresponding instrumellt va lues  t o  kno-m su r face  con t ro l ) .  The least 

squares  i t e r a t i v e  process  i s  then c a r r i e d  o u t  u i t i l  no f u r t h e r  chan3e i n  

the  success ive  approximations -3E t he  unknowns, scaLe X,  scale Y, a i d  s c a l e  Z, 

o , c p ,  x , X o ,  Yo a x l  Zo are de tec ted .  

Prooran Monitor. The p r o p a n  - d i l l  moi i tor  t he  f i r s f  t h r e a  i t e r a t i o n s  c *  ,-a ---- - ----- 
t o  make slire t h a t  no negat ive  s c a l e  f a z t o r s  are ge9erated and t h a t  t he  

angles  w ,  cp , and x do not go l a r g e r  tha? 2 K . SSoclld nega t ive  3ca le  f a c t o r s  

oi- angle.3 g r e a t e r  t h a i  2r be genera:ed, t h e  progratn ta’te.3 t h e  aSsolu te  va lues  

of all. t h e  s c a l e  fazto;s a d  zs ros  t h e  angles .  A f t e r  t h r e e  i t e r a t i o n s ,  t he  

ha3 shown t h a t  i t  is  715ele::s t o  inmi tor  be:iond th ree  i t e r a t i o n s ,  and t h a t  

adequate approx imt ions  are obta:ned in t h i s  manner. 

5. NON-CONFORMAL, CONFORMAL, OR MODIFIED CONFORMAL SOLUTION. The program 

computes a comon s c a l e  using t h e  non-conformal values  of s c a l e  X and s c a l e  Y. 

The program then checks t o  see i f  a conformal s o l u t i o n  i s  des i red .  

a. ---- Non-conformal. A non-conformal s o l u t i o n  u t i l i z e s  the  t h r e e  d i f f e r e n t  

scale f a c t o r s ,  s c a l e  X, s c a l e  Y and s c a l e  Z t o  t ransform t h e  observed x, y ,  

z-coordinates  of t h e  r e l a t i v e l y  o r i en ted  stereomodel. 

b. - Conformal. If the  conformal s o l u t i o n  has been c a l l e d  f o r  through 

program opt ion ,  t he  program w i l l  exanine t h e  d i f f e r e n c e  between t h e  common 

s c a l e  and t h e  non-conformal s c a l e  Z.  Should t h i s  d i f f e r e n c e  be s m a l l ,  t h e  
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program will force the three non-conformal scales equal to the common 

scale and make adjustments to the other parameters w ,  c p ,  w ,  X,, Yo, 

and Zo to conform to the conformal requirenents. 

c. Modified Conformal. Should the difference between the comon 

scale and the non-conformal scale Z be large, a modified conformal solution 

will be cornputed forcing scale X and scale Y to be equal to the comnon 

scale, holding scale Z at its non-conformal value, and making adjustments 

to the other parameters. 

d. _.--I_ Constrained Solution. - This constraint is accomplished by employing 
1 

a matrix bordering technique given by Dr. H. H. Schmid. 

e. Results. Practice is in agreement with theory and has shown that 

a modified conformal solution yields smaller residuals than the conformal 

solution, and that the non-conformal solution yields smaller residuals than 

either the modified conformal or conformal solutiois. 

f. --- Advantages and Disadvantages. Each solution (non-conformal, modi- 

fied conformal, and conformal) has its advantages and disadvantages. The 

user must determine which solution will give the best results for the given 

circumstances . 
g. Final Adjustment. The program then computes the final adjustment 

based on the type of solution called. 

9. STATISTICAL ANALYSIS. 

Errors for all the computed parameters are computed and standard errors 

for the problem are determined. 

10. -- INTERWDIATE PROZRAM EDIT, A complete edit is given. This edit shows 

the level of the approximations for each iteration, program monitor 

At this point a statistical analysis is computed. 



intervention, the solution to the non-conformal parameters, 

(or modified conformal) solution, and the statistical error 

11. ~OLUTION EDIT. A listing of the instrument values and 

ing known surface control in the LSRCS is given. Also, the 
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the conformal 

analysis. 

the correspond- 

adjusted instru- 

ment values and the amount the adjusted instrument values deviated (Delta 

Values) from the known surface control are listed for evaluation purposes. 

12. AUTOMATIC STATISTICAL POINT DELETION. Once the program has obtained 

the final adjusted values, the program will then compute a sigma for each 

psipne: and compare the point sigma to the sigma of the problem. If a 

single point(s) is (are) larger than 3 . 3  sigma for the problem, the prob- 

ability of a measuring blunder i s  quite high and this point is tagged as 

a deleted point. The program then branches back to the beginning of the 

computations and computes a new solution deleting the tagged point(s) as 

the computations are executed. The solution is based on the untagged 

point(s) and the edits are as described in the above paragraphs. 

automatic deletion is done only once. 

13. LOCAL SPACE RECTANGULAR COORDINATE SYSTEM TO PLANETODETIC COORDINATE 

This 

SYSTEM. This procedure is the reverse of the procedure previously described 

in section 11, paragraph 6 .  Briefly, the false values are removed from each 

point, passed through the rotation matrix to obtain the planetocentric co- 

ordinates, and the final planetodetic coordinates ( (p , X , and h) are 
obtained for each adjusted point. 

14. MERCATOR PROJECTION. Once the planetodetic coordinates are obtained, 

they are carried into the spherical Mercator projection. The spherical 

form of the Mercator projection is used because the eccentricity of the 

moon has not yet been determined. 

a. Mercator Edit. An edit showing the final computed planetodetic 
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coordinates for each adjusted control point is listed along with its corres- 

ponding Mercator projection value. If the Control Data Corporation (CDC) 

contouring program. format option is called, a punch tape is written on 

magnetic tape and also a write tape is written in the proper CDC format. 

b. Known Control Edit Completed. This completes the output of the 

known control points and the adjusted instrument values. 

15. PASS POINTS. a. Definition. All instrument readings that do not 

have corresponding known surface control values are considered to be model 

image points (pass points). 

b. Instrument Values to LSRCS. Each pass point read by the computer 

has the instrument centroid for the net subtracted from the x, y, and z for 

that point. A set of system equations are formed to determine the adjusted 

values. The known control centroid is then added to the adjusted values. 

. Thus, the local space rectangular values are formed. 

c. LSRCS to Planetodetic Coordinate System. Taking the local space 

rectangular values, the planetodetic coordinate values are obtained by first 

rotating to the planetocentric coordinate system and then calculating the 

planetodetic cp , X ,and h for each point. 

d. Planetodetic Coordinate System to Mercator Projection. Taking the 

planetodetic CB , X , and h, the spherical Mercator projection values are 

computed. This is done for each pass point. The number of pass points that 

the program will handle is unlimited. 

e. Pass Point E d i t .  An edit of the instrument values that were 

entered and their corresponding spherical Mercator projection values are 

given . 
f. Last Card Indicator. A last card indicator is inserted or added 

after the last pass point. When the last pass point has been read, the 
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program will examine to see if the user has indicated that another solu- 

tion is desired. If another solution is not desired, the program is 

terminated. If another solution is desired, the storage areas are ini- 

tialized and the process is repeated for the next solution. 

ION 111. MATHEMATICAL ANALYSES AND DEFINITIONS 

16. INTRODUGTIDN. In the pages that follow, the mathematics necessary 

to achieve absolute orientation and the Mercator map projection coordi- 

nates are given. The order in which the mathematics appear is in the 

same logical order that they are executed in GETRAN. 

17. PLANETODETIC COORDINATE SYSTEM TO PLANETOCENTRIC COORDINATE SYSTEM 

AND THEN TO LSRCS2. a. Planetocentric Coordinate System. A useful co- 

ordinate system that is often used in analytical photogrammetry is the 

Planetocentric Coordinate System. This system is a right-handed orthogonal 

system (fig. 5 - l ) ,  with an origh at the center of the spheroid; the Z' 

axis is positive, upward, passing through the North Polar Axis; the X' and 

Y' axes lie in the plane of the equator with the X' axis passing through 

the prime meridian. 

b. Representation of a Standard Ellipsoid of Revolution. Any standard 

ellipsoid of revolution can be represented by 

a = semi-major axis, 

b = semi-minor axis, 

and e = eccentricity, 

where the eccentricity, e, is defined as 

e=[(a2 - b2) / (a2]%. (5-1) 
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c. PlanetodeticCoordinate System to Planetocentric Coordinate 

System. If a point is taken (fig. 5-1) which represents the camera station 

at an elevation, h, above the ellipsoid with planetodetic coordinates 

Cp = latitude, 

X = longitude, 

the planetocentric coordinates can be found from the planetodetic coordinates 

by the formulae 

N = (a)/(l - e2 Sin2q)' (5-2) 

X'= (N + h) Cos CP C o s X  

Y'= (N + h) Cos 4 SinX 

Z'= (N ( 1 - e 2 )  + h) SinPr 

d. Point(s) Definition. Thus, a point can be defined in the Plane- 

tocentric Coordinate System as a point having coordinates X ',Y ' ,  and 

Zp'. (See figure 5-1.) 

the Planetodetic System to the Planetocentric System. 

P P  
Of course, any number o f  points can be carried from 

e. Advantage of LSRCS. Once the desired points have been defined in 

the Planetocentric System, it is advantageous to redefine these points in 

the LSRCS. The advantages of doing this are: (1) the magnitude of the 

numbers are considerably reduced and therefore requires only single pre- 

cision arithmetic for data processing purposes, and (2) the LSRCS is the 

more common system and is more readily understood. 

f. Definitions. The LSRCS, illustrated in figure 5-2, has its origin 

normal to the ellipsoid with an origin 0. The Y-axis is defined in such a 

way that it points positively to the polar North and negatively to the polar 

South. An elevation, ho, is generally taken as negative s o  that the Z-coordi- 

nate values representing the surface terrain-all remain positive. 
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g .  Translation and Rotation, In order to accomplish this, it is 

necessary to translate and rotate the planetocentric coordinates. This is 

done by first establishing a mean value or centroid value for X', Y', and 

Z ' ,  also CP , and X values for the points that are being used. Let the 

centroid value be called Xol, Yo1, Zo I ,cp,, and Xoas illustrated in figure 

5-2. Once this has been established, a point transformation can be accom- 

plished with the following matrix equation: 

cos ho 0 

- Sin q0 Sin ho Cos ..J ::~ :"1 9 (5-6) 

cos 'Po cos ho Cos cpo Sin lo Sin go Zn' - Zo' 

h, - Translation to Positive Region. Once the LSRCS values have been ' 

established for all the points of interest, false X, Y, and Z values are 

added to all the points which translate these values to a positive region s o  

that analyses can be accomplished more readily. These false values for X, 

Y, and Z will, of course, be subtracted before these points are transformed 

back to the Planetodetic Coordinate System after the adjustment. 

18. ADJUSTMENT (ABSOLUTE ORIENTATION). Once the control net is in the LSRCS, 

the corresponding instrument values to the control net can now be compatible. 

The instrument system is ready for absolute orientation. The two systems, 

instrument and control, are illustrated in figure 5-3. 

a. - Difference between -- the Instrument System and the Control System. 
It can be seen in figure 5 - 3  that the small stereoplanigraph measurement 

system differs 'from the ground control system in scale, translation, and 
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alignment of the axis. All that remains is to define the mathematical 

equatiois that will link the instrument system to the ground control system, 
3 

b. Mathematical Conventions. (1) Coordinate Conventim. - The 
mathematics used in the ad jus tment is defined on a- right-handed Cartesian 

coordinate system. 

(2)  Anpular Rotation -- Convention. -- There are three angles of 

rotation for the problem. They arew, cp , and x and are illustrated in 

figures 5-3, 5-6, 5-7, 5-8. 

(a) Omega ( w ) .  The angle o is defined as the rotation of 

the instrilment system zy-plane in a counterclockwise direction to the con- 

trol system ZY-plane. 

(b) Phi (cp). The angle cp is defined as the rotation of the 

instrument system xz-plane in a counterclockwise direction to the control 

system XZ-plane. 

(c) Kappa (x). The angle x is defined as the rotation of - 
the instrument system xy-plane in a counterclockwise direction to the con- 

trol system XY-plane. 

c. Derivation of the Non-linear Observation Equations UsinP Taylor's 

First, the instrument system can be related 4 5  
L Theorem for Linearization, 

to the co-.ltrol system by establishing correspondence betwaen the axis of the 

two systems. This correspondence is comnonly referred to as the "orientatioi 

elements." 

relationship between the various axes. 

There are nine orientatioi elements which establish an angular 

These angular relationships are 

illustrated in figure 5-4. 
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L 

x 
Y 

z 

X Y  Z 

xx y x  z x  

XY yY ZY 

xz  y z  z z  

Figure 5-4. Angles between the Various Axes  

Z 

These relationships lead directly to the direction cosines shown in 

figure 5-5. 

cos (XZ) cos (yZ) cos (ZZ) 

c 

Figure 5-5. Direction Cosines. 

Using the conventions previously established, the angles w , (p , and x oan 

be defined as shown in figures 5-6, 5-7, and 5-8. However, these definitions 

must be brought into a homogeneous system in order to utilize them. Taking 

the definitions in figures 5-6, 5-7, and 5-8, three matrices can be defined 

as 
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and 

c o s g  0 - Sincp 

A9 = 

0 0 

AW = 

- Sin w cos w 

By multiplying equations 5-7, 5-8, and 5-9 together, the following 

result is obtained: 

A = A n A q A u ,  

where A = final matrix 

a12 a13 

and 

where all = Cos cp Cos M 

axz = Cos w Sin u f Sin w Sin q Cos M. 

ala = Sin w Sin M - Cos w Sin 'p Cos n 

a21 = - Cos tp Sin n 

a22 = Cos w Cos n - Sin w Sinv  Sin M. 

a23 = Sinw Cos n + Cos w Sincp S i n %  

(5-8) 

(5-9) 

(5-10) 

(5-11) 

a31 = Sinrp 

a32 = - Sin w Cos cp 

a33 = Cos w Cos cp . 
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COS(L) 

x 1  
Y 

z o  

x Y 2 

0 0 

0 cos (0) C0S(27Oo + w) 
cos (goo + w) cos (w) 

Figure 5-6. Definition of Orientation Element w . 

C o s ( L )  

x 1  
Y 
Z 

X Y Z 

0 0 

0 c o s  (w) Sin (w) 

0 -Sin (w) cos (w) 

o r  

-Sin (cp)  

Figure 5-7. Definition of Orientation Element cq I 

c o s  (L) 

x 
Y 2 X 

c o s  (cp) 0 c o s  (goo + cp) 

C o s ( L )  

x 
' Y 

Z 

X Y Z 

c o s  (u) Sin (u )  0 

-Sin (N.) cos (N) 0 

0 0 1 
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Now, a scale factor (S) and translation elements (Xo, Yo, and Zo) are 

needed. 

meters are comon. However, because of the unusual geometry of the Ranger 

VI11 photography and the lack of adequate control, it was decided that the 

Thus, by three scale factors (Sx, 

introducing these three scale factors with the usual exterior orientation 

elements, nine unknown parameters were defined. 

For the reader who is familiar with photogrammetry these para- 

and Sz) should be allowed to vary. sY 1 

They are S,, Sy, S,, 0 , 
(p , x , Xo, Yo, and Zo. Utilizing the A matrix given in equation 5-11, 

the transformation is defined as 

or fx = s, [ x ( c o s  cp cos M ) + 

+ 

- .  
XO 

YO 

ZO 

* (5-12) 

y ( Cos w 3iil K + Sin w Sinip Cos n ) + 

z ( Sin w Si;l N - Cos w Sincp Cos ) 1 + 

x , - x = o  (5-13) 

fy = Sy [ x ( - Cos cp Sin u ) + 
y ( Cos w Cos K - Sin w Sin9  Sin n ) + 
z ( s i n w  C O S K  + c o s w  Sinq  S i n n )  3 + 
Y o - Y = O  (5-14) 

fz  = S z [ x ( S i n c p )  - y ( s i n w  coscp) + 
z ( C 0 s w  Coscp) 1 + zo - z = 0 (5-15) 

where x, y, and z = instrument values 

X, Y ,  and Z = known surface control values 

Sx, Sy, and S ,  = independent scale factors for x, y,  and z 

X, , Yo and Z, = translation values 

w = rotation of the YZ-plane about the X axis 
sp = rotation of the ZX-plane about the Y axis 

and n = rotation of the =-plane about the Z axis. 
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Also, fx = f 

fy = f 

f, = f 

where As,, ASy9 AS,, A w  

and successive corrections 
0 0 0 

K O ,  Xo , Ye , and Zo . Under normal conditions, good geometry in the 

(h0 +ASx, syo +my, Szo +As,, 

wo +&u, cpo +AY, HO +ax, xoo.+~x0)  (5-16) 
(SX0 +AS,, sy +ASy, Szo +AS,, 

w0 +Aw, Epo aCp, KO +A&, Yoo +AYo) (5-17) 

(h0 +AS,, Sy" +ASy, Sz O +as,, 
wo +Aw, cpo +AT, NO +ax, ZO +AZO) (5-18) 

, A(p , Ax , Axo, AY,, andAZo are the first  

to the first approximation S, 0 Syo,  S, 0 0 0  , w , 9 , 

stereo model is: 

s, x s M s z ;  (5-19) Y 
however, under adverse conditions, these three scales will not generally 

be approximately equal. 

d. Linearization of the Transformation Equations Using Taylor's 
6 

Theorem. Since equations 5-13, 5-14, and 5-15 are non-linear, the least 

squares criterion does not apply. Therefore, the equations must be linear- 

ized. By Taylor's Theorem, neglecting second and higher order terms, the 

equations become: 

f x ( S ~ ,  w, $, N ,  Xo, X ) O  + ( 2 ) ' A S x  + (r) af, A w  + c 

(5-20) 

(5-21) 

(5-22) 

In the above equations, terms of the equations whose first partial deriva- 

tives are zero have been omitted. 
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e. Results of the Taylor's Theorem Expansion. Performing the 

indicated operations shown in equations 5-20, 5-21, and 5-22 on equa- 

5-15, the following result is obtained: tions 5-13, 5-14, and 

( COS cp Cos n )  + 
( Cos w Sin n + Sin w Sin 'sg Cos N- ) + 
( Sin w Sin M - Cos w Sincp Cos N ) 

Y 
Z (5-23) 

(5-24) 

(5-25) 

(5-26) 

y S, (S in  w Sin N - Cos w Sincp Cos M ) + 

Sx ( Cos w Sin N + Sin w Sincp Cos H ) Z 

x f& (Sincp Cos N.) + 
Sx (Sin  w Coscp Cos N )  - 
sx ( cos w cos cp cos N. ) 

Y 
Z (5-27) 

x S , ( C o s c p  S i n x )  + 
SX( Cos w Cas N - Sinw Sincp S i n n )  + 
Sx ( Sin w Cos n + Cos w Sincp Sin n ) 

Y 
Z (5-28) 

(5-29) 

(5-30) 

(5-31) 

(5-32) 

x ( 'Cos cg Sin M ) + 
J y ( Cos w Cos N - Sin w Sin cp Sin n ) + 

z ( Sin w Cos n + Cos w Siny, Sin M ) (5-33) 
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(5-34) 

b24= (2) af = - y S y ( S i n w  C o s n  + Cosw Sin9  S i n u )  + 
. a w  

z Sy ( Cos w Cos w - Sin w Sin g Sin u ) (5-35) 

bz,= (2) af = x  Sy(Sincp S i n n )  - 
y Sy ( Sin w Cos sf, Sin n ) + acP 

z Sy ( Cos w Cos cq Sin n ) (5-36) 

af 
an 

b26 = (2) = - x Sy ( Cos cp Cos n )  - 
y Sy ( Cos w Sin n + Sin w Sin cp Cos n ) - 
z Sy ( Sin w Sin n - Cos w Sing Cos x ) (5-37) 

a f i  
aSZ 

b33 = (-)  = x s i n q  - y Sinw  COS^ + 
z cos w c o s  cp 

(5-38) 

(5-39) 

(5-40) 

(5-41) 

(5-42) 

(5-43) 

b34= (-) afZ  = - y Sz C O S W  C O S C ~  - 
Sz Sin w Cos tg a w  z (5 -44) 

af, 
b35 = (-) = x Sz COS (p + y Sz Sin w Sin (p - 

acp ' 

z Sz Cos w Sincp (5 -45) 
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(5-46) 

(5-47) 

(5-48) 

(5-49) 

f. Completing the Mathematical Derivation. Another set of equations 

must also be obtained in order to make the mathematics complete so that 

the least squares solution will be possible. They are: 

= fx - x = %[x( cosrp cosw ) + 
y ( Cos w Sin H + Sin w Sinep Cos w ) + 
z ( Sin w Sin w - Cos w Siny Cos u ) 1 + 
x, - x (5-50) 

l2 = fy - Y = %[x( - C O S Y  Sinw ) + 

y ( Cos w Cos w - Sin a Siny  Sin w ) + 
z ( Sin w COS w + C O S  w Sincp Sin w 1 + 
Y o  - Y (5-51) 

1, = f, - Z = S, [ x ( Sincp ) - 
y ( Sinw Cos cp ) + 
z (  c o s w  C o s q  ) 1 + z, - z (5-52) 

where X, Y, and Z = known surface control values. 

g. Introduction of Matrix Notation. Introducing matrix notation, let 
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and 

and 

(5-54) 

L = [6] (5-55) 

Now 

B h = L  . (5-56) 

The unknown c o r r e c t i o n s  are t h e n  matr ix .  

B B,  w e  ob ta in  

Forming t h e  normal equat ions ,  

T 

T B B A =  B ~ L  . (5-57) 

By mul t ip ly ing  both s i d e s  of equat ion 5-57 by t h e  inve r se  of BTB, o r  

( B ~ B ) ' ~ ,  we ob ta in  

which, of course ,  y i e l d s  t h e  des i r ed  r e s u l t  

A = ( BTB 1-l BTL . (5-59) 
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The matrix algebra, indicated in equation 5-59, is then iterated until 

the successive approximations become so  small that no significant change 

occurs. Convergence is achieved when the corrections to the first and 

successive approximations become of the order of 1.0 x low8,  

iterative process is halted when the system has converged. This is 

The 

accomplished by computing a value, Ti, after each iteration. 

used is 

The equation 

3N - 7.0 I 

where Ti =.tolerance for the i iteration 

N = number of  observations 

7.0 = number of unknowns, assuming one scale factor (S) 

and the remaining values have been previously defined. 

If 

I( ~i - Ti+l )I < - 1.0 x (5-61) 

the iterative process is halted and the "non-conformal" solution is 

obtained. Non-conformal means that a l l  scales, S,, Sy, and Sz, are 

permitted to remain at their computed values. 

h. Conformalization of the Non-conformal Solution (If It Is  Desired). 

(1) Constraining the Scale Factors. Having three independent scales, Sx, 

Sy, and Sz, it may be desired to obtain a common scale for a final solution 
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which results in a conformal solution. This can be accomplished by 

imposing the condition that 

sx = sy ( 5 - 6 2 )  

This condition can exist in a rectangular coordinate system when the angle, 

a .(fig. 5-9) is 45 degrees. It can be seen that the resultant, r, is 

( 5 - 6 3 )  

sx 

Figure 5-9. Resultant Scale 

Then, the common scale, S, is simply 

( 5 - 6 4 )  

For a common scale for all three coordinates a further restriction is 

imposed,..,that is, .. 
s = s , = s  = s ,  Y ( 5 - 6 5 )  

which appears to fit the conventional model. 
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Constraints Imposed. Therefore, 

, and S,, are now said to have a common the non-conformal scales, S,, 

scale and are said to be conformal. Although S,, Sy,  and S, can be 

forced to a common scale, the other unknowns ( w ,  (9 , x , Xo, Yo, and 

Zo) have values based on the non-conformal Sx, Sy, and S,. Since S,, 

Sy, and Sz have been forced to be equal,w, V ,  x ,  Xo, Yo, and Zo must 

sY 

take on a corresponding change to attain a conformal solution utilizing 

one scalar. This conformalizing technique is derived from a paper by 

Dr. H. Schmid. 
6 

1 
(a) Matrix Bordering Technique. This conformalizatiQn 

may be accomplished by bordering the normal equations with a constraint 

matrix, C y  as follows: 

According to equation 5-59, we have 

(5-66) 

Let 

(5-67) 

and 

T 
E = B L  (5-68) 

yield 

A = N - ~ E  . (5-69) 
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r 

CT 
N-l 

C -0 

Y 

r 

- - 

Then, by bordering the system equations with the constraint matrices, 

C, CT, and W, as shown in figure 5-10, 

- 

E 

- 
W 

Figure 5-10. Bordering matrices. 

Dr. Schmid has derived the following: 

-1 T -1 
K = ( CN c ) ( w - C N - ~ E  ,, (5-70) I 

where 

and 

where 

and 

where 

K = unknown multiplier, 

A' = N-l  ( E t CTK ) (5-71) 

A' = the corrections that must be applied to all unknown 

parameters for a conformal solution, 

A c  = A + A t  (5-72) 

AC = conformal solution. 

Now, all that remains is to derive the constraint matrices which have 

been called C and W. In equation 5-65 the condition was imposed that 

s = s , = s  Y =s,  (5-73) 
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Sx + ASx' = S (5-74) 

sy + ASy' = s (5-75) 

s, + AS,' = s (5-76) 

where A Sx' , A Syf , AS,' = t h e  incremental  c o r r e c t i o n s  needed t o  

conformalize t h e  system equat ions.  

By s u b t r a c t i n g  S,, S y ,  and Sz from each s i d e  of equat ions  5-74, 5-75, and 

5-76 , respec t ive ly ,  t h e  fol lowing r e s u l t  is  obtained:  

(5-77) 

(5-78) 

(5-79) 

By forming the  c o n s t r a i n t  ma t r ix ,  C ,  t he  fo l lowing  r e s u l t  i s  obtained:  

c =  

and the  vec to r ,  W ,  

- 
1 0 0 0 0 0 0 0 0 1  

- 1 0 1 0 0 0 0 0 0 0  

0 0 1 0 0 0 0 0 0  

i s  

(5-80) 

(5-81) 

Now, performing t h e  ind ica t ed  matrix a lgebra  i n  equat ions  5-70, 5-71, and 

5-72, t h e  conformal s o l u t i o n  i s  obtained.  

(b) Var i a t ion  of t h e  Bordering Technique t o  Achieve a 

Modified Conformal Solu t ion .  Some o the r  i n t e r e s t i n g  th ings  can be done 

us ing  t h e  bordering technique. When a modified conformal s o l u t i o n  
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is desired where 

c 

S = S , = S  Y f s ,  
Y (5-82) 

where S, is held at its non-conformal value, and where S, and Sy are set 

equal to the scale computed from equation 5 - 6 4 ,  the solution can be 

accomplished simply by making the following change to the vector, W: 

(5-83) 

This -- modified conformal - 
formal solution is called for by the programmer, and the non-conformal S z  

deviates by some predetermined amount from the computed S, the program 

solution is in the program, GETRAN. If a con- 

will automatically select the modified conformal restrictions on matrix W. 

Otherwise, the conformal solution will be given with matrix W formed as 

indicated in equation 5-81 .  

i. Adjustment of the Instrument Values. Once a solution to the 

problem has been obtained, the instrument readings are passed through 

the transformation equations, equations 5-13, 5 - 1 4 ,  and 5 - 1 5 ,  along with 

the computed unknowns to obtain an adjusted value in the LSRCS. 

19. 

THE PLANETODETIC COORDINA'E SYSTEM. In order to be able to easily convert 

to one of the many projection systems, it - is highly desirable to return to 

the Planetodetic Coordinate ( CP , X , and h) System. 

. LSRCS BACK TO THE PLANETOCENTRIC COORDINATE SYSTEM AND THEN BACK TO 
2 
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a. LSRCS Back to the Planetocentric Coordinate System. Re 

that a false value was added to the X, Y, and Z ’s  in order that only 

positive numbers would be obtained, these false values are subtracted 

from the X, Y, and Z’s before they can be carried back to the Planeto- 

centric Coordinate System. Subtracting the false values, the coordinates 

may then be transformed by the folloving matrices to obtain the corre- 

sponding planetocentric coordinate values for the adjusted points (this 

is the inverse of equation 5-6): 

- Sin yo Cos ho 

- Sincp, Sin ho cos yo Sin A] ~~~ 

COS ;Po COS lo 

cos ‘Po Sin q0 

where Xnf, Ynf, and Zn’ = planetocentric coordinate 

number of points . 

(5-84) 

values for n 

Vo and X o  = centroid values originally calculated for 

equation 5-6 

Xn> Yn, and Zn = adjusted local space values 

X o t ,  Yot, and Z,’ - centroid values originally calculated for 
equation 5-6. 

b. Planetocentric Coordinate System Back to the Planetodetic Coordi- 

nate System. Once the planetocentric values have been calculated, all that 

remains is to generate the proper cp , X , and h for the points in question. 

This is accomplished by employing the following formulae: 

or 

= arccos ( Xn’ / Rn ) 

x = arcs in  ( Yn’ / % ) 

(5-85) 

(5-86) 
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where R, = E (XnI)' + (yn'1'1f . 
A criteria for determining whether to use equation 5-85 or 5-86 is 

simply to determine the value of (Xn'/&) and the value of (Yn'/&) 

and use the argument and corresponding equation that is numerically 

smaller. Unfortunately, the values for CP and h are not as easy to 

determine as X . The values of Vand h must be obtained by using an 

iterative process. First, an initial value for t (fig. 5-1) is com- 

puted from 
2 

tl = e Zn' (5-87) 

where t, = the distance that the normal line misses the origin for 

iteration number 1 

e = the eccentricity which was previously calculated from 

equation 5-1 

2,' = distance above the equatorial plane for n number of points, 

Once t, is known, an initial value of CP can be found by the equation 

The values are refined by using the equation 

1 2 2 2  
= ( a e sin cpl / ( 1 - e Sin )" = N~ e2 Sin cpi (5-89) 

where a = semi-major a.xis. 

The values of CP and t are iterated by using equations 5-88 and 5-89 until 

the successive approximations toVand t are negligible. 

for v and t is obtained, the elevation, h ,  may be calculated by using 

Once a final value 

2 2 4  2 2  1 
h = (Xn' + Y n r 2 + (  Z n ' + t n )  ] - [ a / ( l - e  Sin cpn)"] 

= [ R n  2 + ( Z n ' + t n )  2 4  3 - N *  
(5-90) 
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The determination of 9, A ,  and h is then complete. It must be remembered 

that the arcsin and arccos functions must have a range of 

0 - 360’ I angle 5 + 360 

20. STATISTICAL ANALYSIS OF THE SOLUTION TO THE ADJUSTMENT PROBLEM. 

a. Analysis of Each Point. First, an analysis is made on each point. 

The known control value is subtracted from the adjusted value, or 

A X = X A - X  , (5-91) 

where AX = the difference between the known value and the computed 

value 

XA = the computed value 

X = the value entered as known control, or which was carried 

from the Planetodetic Coordinate System to the LSRCS. 

Similar values are computed €or Y and 2. 

YA, and Z A sigma value is 
A’  A. 

b. Computed Sigma Value for X 

computed for XA, YAY and ZA using the formula 

n 1 

1 
SIGMAX = { [ g  ( A X ) 2 ] / ( n - l ) ] z  (5-92) 

where n = the number of observations, or the number of control points 

for that solution. 

c. Computed Sigma Value for the Problem. Then, a sigma for the 

problem is computed using 
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d. Error Analysis of All Parameters. An error analysis for each of 

the computed parameters is determined by taking the inverse of the normal 

equations matrix defined in equation 5-67 and letting 

(5-94) 

and,using only the diagonal elements in the following formula, the errors 

are obtained 

1 
STD. Ei = SIGMA ( Qii )' 

where STD. E = standard error 

SIGMA = defined in equation 5-93 

n = a term of the matrix, Q (as defined above) ii 

i = indicates the diagonal element used. 

For example, where i is equal to 4 ,  

1 
STD. E, = SIGMA ( Q44 )% . 

(5-95) 

The correlation between the diagonal elements and the standard errors are 

listed in table 5-1. 
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Table 5-1. Element-parameter Table 

21.  AUTOMATIC STATISTICAL POINT DELETION. GETRAN has  been designed 
> r  

so  t h a t  once a s o l u t i o n  has been obtained and a corresponding sigma 

f o r  a problem has been c a l c u l a t e d ,  a s tandard can be developed so  t h  

e l imida t ion  of po in t s  based on p r o b a b i l i t y  i s  obtained. 

a. Method. Taking each observa t ion  used i n  s o l u t i o n  of 

adjustment problem and computing an ind iv idua l  sigma f o r  each observa- 

t i o n  using t h e  formula 

--- 

where Ri = t h e  computed sigma f o r  t h e  i t h  observat ion 

= t h e  ad jus t ed  va lues  of X,  Y ,  and Z based on 'A,' 'A.' 'Ai 
1 1 

t h e  va lues  obtained from t he  adjustment problem 

X i ,  Yi, Zi= t h e  va lues  en tered  f o r  su r face  con t ro l .  
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b. Range. If for any observation(s) 

Ri 2 8 . 3  SIGMA , (5-97) 

where 

that observation(s) is (are) deleted and a new solution is calculated based 

on the remaining points after deletion. The program will not delete beyond 

a minimum solution, which is four points. If no point(s) is (are) deleted, 

SIGMA = the sigma for the problem, 

the original solution is used for the final calculations because no single 

observation was computed to be beyond the 3.3 SIGMA range. 

22, SPIXRICAL MERCATOR PROJECTION, a. Assumption. The moon 
I - 

is assumed to be a sphere with a radius of 1738 kilometers. Until such 

time as better approximations to the moon's semi-major and semi-minor 

axes can be determined, the spherical Mercator projection is used. 

semi-major axis is presently said to equal the semi-minor axis; and, there- 

The 

fore, the eccentricity is zero. 

b* - Defining Equations. Assuming a cylinder tangent to the equator 

and 

tor projection is defined by the following equations: 

equal to zero (0) and coincident with the prime meridian, the Merca- 

X = Xa 

where X = the Mercator projected X, or  Easting, 
\ 

X = longitude 

a = semi-major axis, or the radius in this case; 

and 

Y = [ In (COS P / Sin P ) 3 a 

( 5 - 9 8 )  

( 5 - 9 9 )  
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where Y = the Mercator projected Y, or Northing, 

P = (co-latitude) / 2 = ( 90° - V )  / 2 

Of course, once a better determination of the semi-major axis, a, and 

the semi-minor axis, b y  is obtained, a far more complex set of equations 

would be used. 

SECTION IV, - CONCLUSIONS 

23. -- GETRAN'. It was concluded that the program, GETRAN, can be used to: 

a. Provide a dense netwxk of photogrametric control (supplementary 

control) from known surface coordinates. 

b. Provide a mathematical adjustment (absolute orientation) of a 

relatively oriented digitized stereomodel, including preparation for entry 

into a digital contouring program. 

SECTION V , RECOMMENDATIONS 

24. SYSTEM APPLICATION. Because of the amount of time required to read 

a dense network of points that adequately defines the entire surface of 

the stereomodel on a stereophotogrammetric instrument (input data which 

is entered into GETRAI?), it is recommended that this system be used only: 

a. To provide a netwxk of supplementary control from known surface 

coordinates. 

b. When the geo3etry of the photographs exceeds the physical limita- 

tions of the stereophotogrammetric instruments. 
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CHAPTER 6 

COXPARATOA/ANALYTICAL SYSTE?I (SCHMID METHOD) 

SECTION I. INTRODUCTION 

. Analytical photogramnetry was an ideal technique to employ 
n reducing Ranger photography, The physical limitations encomtered 

tn photogrammtric plotting instruments do not exist in the snalytical 

approach except that the pfate-size is limited to 9 x 9 inches on 

measuring instrument. Once the data were measured, analytical methods 

were entirely coinputatiorlal. The speed of the computers, coupled with 

the inherent rigor of projective geometry, justified the use o€ the 

"Schmid Method" on the Ranger project. 

thoroughly documented in several reports 

Ballistics Research Laboratories (BRL), Aberdeen Proving Ground, 

Maryland. These reports are readily available from BRL. Portions 

of the BRL work were sponsored by the U.S. Army Corps of Engineers, 

The Schmir: Method has been 

published by the 
1 2 3 4  

Geodesy, Intelligence, Mapping, Research and Development Agency 

( G I W A )  for AMs. 

2 -  - SCOPE. This chapter documents, in general terms, the AMs version 

of the Schmid Method, and explains and illustrates (with computer print- 

outs) the step-by-step approach used on the Ranger project. 

be noted that the output from this method was the input into the Digital 

It should 

Contouring Program described in chapter 7, 

3 .  PRCBLEM DEFINITIO;IJ, A mathematical model wqs constructed to represent 

relations between points in the object space (grmnd), the perspective 

center in the lens, and the photo images. In the Schmid Method, the con- 

dition of colinearity is imposed so  that the perspeztive center (0), the 



photo image (r), and the object poinL (R) on the ground are on a straight 

line. Figure 6-1 illustrates this corlditio?. The application of numerical 

analysis results in determining X, Y, Z-coordinates from linear x, y 

measurements on the photography. 

SECTION 11. MENSURATION 

4 .  _I--- INSTRUMENTATIOYJ. ----- - There were two principal approaches to the problem 

of obtaining the coordinates of the photograph images. One was by 

mono:ular comparators; the other by stereocomparators. With a monocular 

comparator, corresponding images had to be marked 02 the photographs prior 

to mensuration. The stereocomparator technique permitted the simultaneous 

identification and measurement of points on two photographs. Due to the 

lack of clearly defined objects on the lunar surface, the stereocoxparator 

approach was selected. Furthermore, stereoscopic viewing was essential 

since the computed coxdinates were to be used as input into the Digital 

Contouring Program, as well as the data for the orientation of the photo- 

graphs to the selenodetic control. 

5. -- STEREOCOMPARATOR. Utilizing the Schmid Method, the Zeiss stereocompa- 

rator PSK was used to xake the mzasurements on the Ranger project. The PSK 

has a least count of one micron (one millionth of a meter). It had been 

calibrated at AYS, and the precision had been validated to be in the one- 

micron class. The format is 9.5 x 9.5 inches with 8x- and 1 6 ~ -  ocular 

magnification. One unique quality of the PSK is its glass-against-glass 

measuring system'. With this system, the effect of environmental changes 
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I 
I 

Perspective Center 

Z' 

Y / .  

a,w,x are the angular orientations 
of the photograph. 

x ,y  is the image coordinate system. 

X,Y, Z are object space coordinates. 

P is the principal point. 

C corresponds to  the focal length. 

Xo,Yo, Zo are exposure station 
coordinates. 

Figure 6-1. Geometry of the Schmid Methode3 
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on the neasuremnts are minimized. The PSK is shown in figure 6-2. 

It has a hard-copy output on the typewriter and a punched-card capability 

on a modified key punch. 

6. PHOTOGRAPH COORDINATE SYSTEM. Every photograph from the Ranger 

series had a set  of four reticles around the center reticle which could 

be used as substitutes for the fiducial marks normally found on conventional 

photography. A diagram of the photo coordinates of these reticles is given 

in figure 4-1. Any image point "r" on the photograph may be located in 

this system by its coordinates (xr, y,). 

STEREOCOMPARATOR PSK OXPUT. The hard copy and card output were as 7. ---------__I------ 

follows : 

Point Identification Point Type 3 yl + y2 

5D 6D 6D 6D 6D 7D 

where D = number of digits, 

3 ,  yl = the photo coordinates for photo 1 

a, y2 are the coordinates of the same image in the overlapping photo, 

Point type tells the computer point control, partial control, or 

an image point to be computed. 

SECTION 111. SCHMID METHOD OF ANALYTICAL PHOTOr3EWMETRY 

8. 

photography (in comparison to the altitudes of conventional cartographic 

PRELIMINARY COMPUTATIONS. --- Due to the high altitudes of the Ranger 

photography), an object space coordinate system that considers the curva- 

ture of the lunar figure had to be defined. Various systelns could be 

ernployed for this purpose, depending upon the magnitude of the area covered, 
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and t h e  accuracy required.  

c a l  coordinates  ( l a t i t u d e  (d), longi tude ( A ) ,  and e l e v a t i o n  (H), a s  

The problen was t o  convert  s e l enode t i c  spher i -  

r e f e r r e d  t o  t h e  se l enode t i c  datum) i n t o  a system of a r b i t r a r i l y  o r i en ted  

Car t e s i an  coord ina tes  and v i c e  ve r sa ,  

appl ied  by AMs is  given by Schmid 

The s o l u t i o n  t o  t h i s  problen as 
1 

a. Selenodet ie  Control  Poin t  Transformation. The JPL furn ished  

l a t i t u d e  (p), longi tude  (A), and he igh t  (H) above t h e  luna r  su r face  

f o r  each exposure s t a t i o n .  

re t ic le  on t h e  photograph were given. 

Also, 6, Xsurface p o s i t i o n s  beneath each 

One NASA-DOD (AMs-65) se l enode t i c  

c o n t r o l  po in t  i s  loca ted  i n  t h e  Ranger V I 1 1  area? It i s  t h e  crater 

"Schmidt." These h o r i z o n t a l  d a t a  were as soc ia t ed  with vertical d a t a  

der ived from AMS and Aeronaut ical  Chart and Information Center (ACIC) 

source maps to c o n t r o l  t h e  mapping f o r  t h e  Ranger p ro jec t .  

s e l enode t i c  c o n t r o l ,  then,  as descr ibed,  i s  given i n  t h e  P Y A ,  H system. 

The 0 ,  A, H system i s  transformed to a 

The bas i c  

(1) Problem Def in i t ion .  

s e l enocen t r i c  system c a l l e d  XI, Y', 2'. The X',  Y'  plane conta ins  t h e  

lunar  equator ,  with the  X t  a x i s  passing through t h e  zero meridian. 

2' a x i s  passes through t h e  lunar  no r th  pole. The moon i s  represented  by 

a sphere of r a d i u s  1738 ki lometers .  Next, t h e  se l enocen t r i c  coordinates  

a r e  r o t a t e d  and t r a n s l a t e d  t o  e s t a b l i s h  a l o c a l  Car tes ian  coord ina te  

The 

system (X,Y,Z). The l o c a l  system has i t s  Z-axis normal t o  t h e  lunar  

sphere a t  an o r i g i n  "0" i n  t h e  a r e a  being mapped. The p o s i t i v e  X-axis 

w a s  chosenin t h e  d i r e c t i o n  of t h e  Ranger V I 1 1  f l i g h t  with t h e  p o s i t i v e  

Y-axis being 90 degrees away, and poin t ing  south,  s i n c e  t h e  Schmid 
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Method is defined i n  a left-handed coord ina te  system. These coord ina te  

systems are i l l u s t r a t e d  by f i g u r e  6-3. 
1 

( 2 )  Mathematical Parameters of t h e  Transformation. SChmid f u l l y  

documents :he kransformatlons ; t he re fo re ,  i t  i s  adeyuate he re  xnerely t o  

d e f i n e  t h e  parameters used i n  t ransforming t h e  con t ro l  used i n  t h e  

Ranger p r o j e c t  and t o  summarize t h e  s t e p s  involved. A l o c a l  lef t -handed 

coord ina te  system w a s  def ined with i t s  o r i g i n  a t  

go = 1°04'39.0" 

Xo = 340°19'22.8'' 

H, = 5000 meters 

This  o r i g i n  appears  i n  t h e  stereomodel ( P h o t o s  499-515) of Ranger V I I I .  

The system i s  o r i e n t e d  i n  such a way t h a t  t h e  p o s i t i v e  X-axis has  an  

azimuth (B) from t h e  south of 253 degrees ,  making it approximately 

p a r a l l e l  to  t h e  d i r e c t i o n  of  t h e  Ranger V I 1 1  f l i g h t .  The Z-axis i s  

normal a t  t h e  p o i n t  of o r i g i n ,  and p o s i t i v e  upwards. Addit ional  

parameters are alpha (a) which i s  r o t a t i o n  about t h e  Y-axis and def ined 

as 90-go, and gamma (usua l ly  zero) .  Gamma i s  a s m a l l  r o t a t i o n  t h a t  w i l l  

cause t h e  l o c a l  system t o  be secant  through t h e  lunar  sphere.  It is  not  

necessary mless very l a r g e  areas are t r i angu la t ed .  It w a s  set t o  zero  

f o r  t h i s  p ro jec t .  I n  summary, t h e  8, A ,  and H system i s  transformed t o  

t h e  X', Y ' ,  and Z '  system; and, then t h e  X ' ,  Y ' ,  and Z '  system i s  

transformed t o  t h e  X, Y,  and Z system. 
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bo  The Inverse Transformation Problem. A l l  photogrammetric 

computations are performed i n  t h e  l o c a l  Ca r t e s i an  system (X,Y,Z); then, 

t h e  problem is t h e  inverse of t h a t  described i n  paragraph (2 ) .  The 

inverse  i s  obtained by t h e  t ransformation of t h e  X, Y, and Z system t o  

t h e  X ' ,  Y', and Z '  system and, then t h e  X ' ,  Y ' ,  and 2' system is  

transformed t o  t h e  0, A, and H system. 

t h e  inverse,  with the add i t ion  of %, Yo, Z,, which a r e  t h e  se lenocent r ic  

coordinates  of t he  o r i g i n  po in t ,  0 , ,  h o ,  %. 

The same parameters a r e  used f o r  

An a d d i t i o n a l  transformation 

i s  then performed t o  produce da ta  f o r  d i g i t a l  contouring. It i s  t h e  

transformation of t h e  0, A, and H system t o  the  N, E, and H Mercator 

system. N ,  E,  and H a r e  Mercator g r i d  coordinates ,  Northing (N), 

Easting (E), and e l eva t ion  (H). The Mercator pro jec t ion  w a s  s e l ec t ed  

because t h e  area t o  be mapped i s  very near t he  equator.  The formulae 

f o r  t h i s  conversion are 

and 

where 

N = R log t a n  (45" + % O), 

E = Rh, 
0 

H = Elevation 

R = a lunar rad ius  of 1738 ki lometers  

with the  point  of tangency a t  t he  equator,  

is  i n  radians.  

Program Exam?le, An example of the  transformation output i s  in-  C. 

cluded a t  the end of t h i s  chapter.  

9. COMPARATOR REDUCTION. The Comparator Reduction Program i s  ful lye-  

documented by Wooten . The purpose of t h e  Comparator Reduction 

(See f i g u r e  6-5.) 

2 

Program 

e r r o r s ,  r a d i a l  d i s t o r t i o n  of t h e  camera lens and, i n  general ,  t o  "refine" 

i s  t o  c o r r e c t  t h e  r a w  measured coordinates  f o r  comparator 
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t h e  raw x, y values  t o  be entered as input  t o  t h e  a n a l y t i c a l  photogrammetry 

computations. These var ious  refinements w i l l  be discussed here  i n  general  

terns. An example of t h e  Comparator Reduction Program output is  given a t  

the  end of t h i s  chapter .  (See f i g u r e  6-6.) 

a. Computation of t h e  Arithmetic Means of t h e  Comparator Readings. 

where n = t he  number of readings per po in t .  

b. Correction f o r  Lack of Perpendicular i ty  of Comparator Ways. 

and 

- 
x = (x ' )  + ( y ' )  s i n  cy 

Y = (Y'). 
- 

Q is  the  angle  of  non-perpendicularity determined during t h e  comparator 

ca l ib ra t ion .  For t h e  PSK a i s  zero f o r  a l l  p r a c t i c a l  purposes. 

Adjustment f o r  Linear Scale  Fac tors  S, and Sy. ce 

- 
Y * sy @'= x ~ s, ; y*'= 

S, and Sy are equal t o  one f o r  t he  PSK on t h e  Ranger pro jec t .  

de  Computation of t he  Center of the F iduc ia l  Mark System and t h e  

Swing Angle. The i n t e r s e c t i o n  of f i d u c i a l s  i s  computed t o  e s t a b l i s h  t h e  

center  of t he  p l a t e .  Also, t h e  swing angle  ( r )  i s  determined s o  t h a t  

f i d u c i a l  marks iu c ~ i e  l i n e  of f l i g h t  become the x-axis.  

e,, Reduction of Point  Readings to  t h e  Center of t h e  F iduc ia l  Mark 

The reduct ion of poin t  readings t o  t h e  cen te r  

mark system is expressed by t h e  following equat ions:  

= ( x J c 9 )  - 

of t h e  f i d u c i a l  

and 



where coordinates of point  with respec t  t o  

instrument coordinate system 

f i d u c i a l  cen ter  coordinate computed 

from t h e  in t e r sec t ion  of t h e  four  

r e t i c l e s  surrounding the  center  r e t i c l e  

of t he  Ranger photography 

coordinates of point  with respect  t o  

f i d u c i a l  center .  

f .  Rotation of Coordinate Axes. The f i d u c i a l s  i n  t h e  l i n e  of f l i g h t  

become the  x-axis  a f t e r  r o t a t i o n  through the  swing angle ( r ) .  

=m cos r +El s i n  r 

=m cos r -B s i n  r 

g. Reduction t o  Pr inc ipa l  Point. Refer point  coordinates  t o  t h e  

The coordinates of t he  p r inc ipa l  point  f o r  p r inc ipa l  point (xp, y,). 

Ranger VI11 w e r e  assumed t o  be zero. 

A = m -  X-I, 

A = Q  - Y; 

h. Correction fo r  Distor t ion.  Radial d i s t o r t i o n  was corrected as a 

funct ion of r a d i a l  dis tance.  The A ,A coordinates were corrected 

according t o  the  polynomials developed i n  chapter 4 .  The re f ined  

comparator‘coordinates are denoted by 1, and ly. 

f o r  t h e  stereomodel computations. 

These l,, ly are ready 

i. Computation of Standard Errors. 

where v = ar i thmet ic  mean minus each reading of 

a s p e c i f i c  s e t t i ng .  
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j. Computation of Weights as  a Function of Standard Error .  

where & r ep resen t s  t h e  s c a l i n g  f ac to r .  It is 

conveninent t o  l e t  t h e  p l a t e  coordinate  

weights wx and w be one. Then, we let  

t h e  p l a t e  r e s i d u a l  mx and my be 10 microns, 

so t h a t  

Y 

1 0  
K~ = 1 x 10- m e t e r s .  

k. Ground Weights (Wg) .  L e t  ground (Mg) e r r o r  be 100 meters. Then, 

l o  
- 1 x 10- -- - 

(1 x 102)2 

l o  
- 1 x 10- 

1 104 
- 

1 4  
= 1 x 10- . 

Actual ly ,  t h e  s tandard e r r o r  of t h e  ground con t ro l  f o r  Ranger i s  unknown; 

however, 500 m e t e r s  i s  probably more r e a l i s t i c  than t h e  100 meters t h a t  

i s  used. Several d i f f e r e n t  so lu t ions  w e r e  run  with var ious  weight 

configurat ions.  A re lat ive weight number of 1 x 10- w a s  f i n a l l y  

se l ec t ed  f o r  t h e  Ranger computations. 

10. STEREOMODEL COMPUTATIONS. a. The General Problem of Analy t ica l  

Photogrammetry. The genera l  problem of a n a l y t i c a l  photogrammetry i s  de- 

f ined  by Schmid as t h e  s imul tanems o r i e n t a t i o n  of any number of photo- 

1 4  

3 
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graphs ,  and t h e  r e c o n s t r u c t i o n  of t h e  o b j e c t  space by t r i a n g u l a t i n g  

cor respoqding  r ays .  F igu re  6-4 i l l u s t r a t e s  t h e s e  r a y s  on a s tereomodel  

formed from Ranger VI11 pho toqaphy .  Variolis aspecEs of t h e  Schmid 

Method w i l l  be d iscuhsed  i n  t h e  fo l lowing  paragraphs.  

b. O r i e n t a t i o n  System. F igure  6-1 d e f i n e s  t h e  t h r e e  o r i e n t a t i o n  

a n g l e s  (k, w, a ) .  The o r i e n t a t i o n  m a t r i c e s  are 

Mk Mw PlQl 

A f t e r  m u l t i p l i c a t i o n ,  M i s  s t a t e d  compactly as 

c. Condit ion Equations.  The c o l i n e a r i t y  c o n d i t i o n  equa t ions  f o r  

each p o i n t  are 

(x - G)D i- (Y - Y o ) E  + (Z - Zo)F 

(X - X o ) 4  + (Y - Y o > 4  + (Z - 
& -  xp = c 

These equa t ions  simply expres s  t h e  f a c t  t h a t  t h e  o b j e c t  p o i n t  "R", the 

image p o i n t  llr" ahd t h e  exposure s ta t ion (&, Yo, Z,) a l l  l i e  on the 

s a m e  s t r a i g h t  line. Each measured image p o i n t  l e a d s  t o  two  cond i t ion  
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Figure 6-4. Ranger Stereomodel. 



equations: (1) f o r  the ix coordinate,  and(2) f o r  t h e  .ey. Equations 6-2 

may be wr i t t en  

(e, - xp) - c ff! = 0 = J!l 

(ly - yp) - c n = 0 = 

4 

% .  
4 

(6-3) 

d. Linearized Observation Equations. Equations ( 6 - 3 )  can be 

w r i t t e n  as funct ions of  t h e  form 

~ c L )  = FC(CY, 133, x p ,  y p ,  c y  xo, yo' zo)1 (xY y Y  z ) j l  

o r  f<l ,  = FCO, XI ( 6 - 4 )  

e + U  = F (0' +a, 9 +AX). 

Where (t) represents  t h e  observed (x, y) image coordinates;  0 ,  the  

o r i e n t a t i o n  parameters; X,  t he  objec t  space coordinates.  0' and 9 are 

approximations. M a n d m  are successive cor rec t ions ,  then 0 = 0' -+ 
AO, and X = f +AX. (xp, yp) and c ( foca l  length)  are considered 

constant f o r  the problem. 

6 
By Taylor 's  Expansion ,neg lec t ing  second and higher order  terms, w e  

have 
= F(0,X)' + aFM + S A X .  ao ax f(OO + 2 "l 

Then the  matrix general  forms of  the observation equations are 

Equation 6-5 represents  a completely l i nea r  set of observation equations 

(one each f o r b  andfy) t h a t  are used i n  an i t e r a t i v e  process t o  determine 

successive approximations t o  the  unknown o r i e n t a t i o n  elements. 
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L e t  

and 

CAI 

where v is  t h e  v e c t o r  of c o r r e c t i o n s  t o  t h e  o b s e r v a t i o n s  ( r e s i d u a l s )  

A0 i s  t h e  v e c t o r  of c o r r e c t i o n s  t o  t h e  o r i e n t a t i o n  elements 

AX i s  t h e  v e c t o r  of c o r r e c t i o n s  t o  t h e  ground coord ina te s  

A1 i s  t h e  c o n s t a n t  t e r m  eva lua ted  wi th  t h e  approximations,  

For s i m p l i c i t y ,  130 and B, may be combined and equa t ions  (6-5) can be 

w r i t t e n  as AV + BA- L = 0 (6-6) 

e. Least Squares Adjustment. Assuming t h e  obse rva t ions  t o  be 

independent and normally d i s t r i b u t e d ,  t h e  most probable  v a l u e s  are 

ob ta ined  by minimizing v T Pv , where P denotes  t h e  weight m a t r i x  of  t h e  

obse rva t ions .  It: i s  convenient t o  cons ider  P as a u n i t  matrix which is 

done i n  t h e  Schmid Method. A d i r e c t  s o l u t i o n  t o  t h e  problem i s  obtained 

by minimizing t h e  f o l  lowing f u n c t i o n  : 

VTPV - 2kT(Av + BA - L) = 0 (6-7) 

k denotes  a v e c t o r  of unknown Lagrange m u l t i p l i e r s .  A d i r e c t  s o l u t i o n  

of t h e  f i n a l  normal equa t ions  de r ived  from equa t ion  6-7 i s  g iven  by 

(A PdlAT)-l]A =D(AP-lAT)-l 4 (6-8) 



95 

Since "A" can be reduced t o  a u n i t  matrix;  equations 6-3 reduce t o  

- r-; 
By introducing rBTPB! = jN, L- A 

and 

we  ob ta in  A = 1d-I rc] (6- 10) ,, !- 

A i s  t h e  cor rec t ion  vector  fo r  t he  unknowns and must be i t e r a t e d  t o  

obta in  the  f i n a l  o r i e n t a t i o n  elements for  each photograph, and the  

computed values  f o r  each observation. 

f .  Mean Error of  Unit  Weight. The mean e r r o r  of an observation of 

un i t  weight is  

where r = number of observations 

u = number of unknown parameters. 

g. S t a t i s t i c a l  Analvsis of Parameters. The covariance matr ix  of 

t h e  parameters is  given by equation 6-10 as N-', which is t h e  inverse of 

the normal equations. 

i s  determined by o p = m  

The prec is ion  of the o r i e n t a t i o n  parameters (op) 

where Q i i  = diagonal t e r m s  of N- 1 . 
This technique is  a l s o  u t i l i z e d  t o  determine t h e  prec is ion  of computing 

the X,  Y,  Z-coordinates. It i s  i n t e r e s t i n g  t o  note  from f igu re  6-4 t h a t  

the  angle  of i n t e r s e c t i o n  between rays  i s  much smaller a t  po in t  ' ICt' than 

a t  point  "A". 

Z-coordinate is s i g n i f i c a n t l y  d i lu t ed  i n  t h e  forward pos i t i ons  of t he  

A s  a r e s u l t ,  t h e  geometrical p rec is ion  f o r  determining the  

mode 1 



,96 

h. Exanple Conputer Print-outs. Output of data for Ranger 

499-515 is furxished at the end of this chapter as an example of the 

Schinid Two-camera Orientation Routine. (See figure 6-7.) 

SECTION IVe SUMMARY 

11. -------e SUMMARY The discussion of the mathematics of the Schmid Method 

and the problem examples were presented in this chapter to provide, in 

general terms, a summary of the analytical approach for obtaining X, Y, 

2-coxdinates for the Digital Contouring Program. The local Cartesian 

coordinates computed with the Schinid Two-ca-nara Orientation Routine were 

transformed by the inverse parameters of the coordinate transformatioq 

program to the Mercator projection ( N , E , H ) .  These coordinates were direct 

input for digital contouring. 

herein, and an analysis of the results, are explained in chapter 8. 

The applicatioq of the method described 
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CHAPTER 7 

DIGITAL CONTOURING 

SECTION I. INTRODUCTION 

1. GENERAL. The requirement to study and develop techniques for 

obtaining cartographic information and maps from Ranges photography 

led AMs cartographers to consider two different general approaches to 

the problem. One approach was to modify conventfonal instruments, and 

the second approach was to utilize completely computational.methods. 

The Ranger stereomodels were geometrically unusual: high tilts, extreme 
< 

base-height ratios, and short focal lengths (I-inch in taking camera). 

bese mOde16, therefore, could not be absolutely oriented (leveled) in 

available, conventional analog photograinmetric plotters. This situation 

bas the primary reason for resorting to computational methods. More- 

over, at the beginning of the project, it was not certain that appro 

brojectors could be obtained to modify existing universal plotters in the 

prescribed time frame, Therefore, it was decided that a mathematical 

Adjustment and digital contourlng approach should be developed that 

lrkould provide a compieteiy computational approach to the problem. 

khapter describes a computerized contouring method that utilizes adjusted 

photogrammetric measurements (X, Y, Z-coordinates). This method, called 

This 

"Analytical Topographic Compilation" (ATC), is illustrated in figure 7-1. 

SECTION 11. PHOTOGRAMMETRIC MENSURATION AND ADJUSTMENT API?ROACHES 

2 ,  METHODS. Two. different approaches for measuring and adjusting these 

data have been presented in chapters 5 and 6. 

approaches, Comparator/Analytical and Analog PlotterlMathematical 

A brief recap of the two 
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Orientation, is made below to re-emphasize that the output from both 

approaches is the input into the Digital Contouring Program. (See figure 

. 7-2. 

i a. Comparator/Analytical System. In all of these experiments, the 

Zeiss stereocomparator PSK and the Schmid Method * of analytical photo- 

grammetry wxs employed. 

a dense netwcrk of x, y-stereocomparator coordinates was measured in 

Utilizing this precision 1-2 micron comparator, 

addition to the control point images and fiducial marks. In most cases, 

the network amounted to a gridded pattern of 0.5-mm squares over the 

stereomodel. The number of measurements ranged from about 1,000 to 5,000 

per model, depending on the area covered and the type of surface terrain 

encountered. The final adjusted coordinates were transformed into the 

Mercator projection considering a lunar sphere of radius 1738 km. These 

Mercator coordinates are called Northing (N) and Easting (E) coordinates 

with their corresponding elevation (H). These N, E, and H values were 

the input into the Digital Contouring Program. 

b. Analog Plotter/Mathematical Orientation System. The Zeiss 

stereoplanigraph C-8 was utilized in all of these experiments, As pre- 

viously stated, the photography could not be leveled in the AMS stereo- 

planigraphs. However, by enlarging the photographs to the six-inch 

principal distance, a relative orientation of one photo to another was 

obtained and the relative base distance of the model could be set. With 

this arrangement,.overlapping pairs of Ranger photographs were selected, 

such as 507-515, so that the difference in height of exposure stations 

(bZ) could be accommodated. The bZ was usually about 2 20 mm and the 
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base setting (bX) was about 30 mm. With this configuration, instrument 

x, y, z-coordinates were observed and recorded. In most cases the network 

amounted t o  a gridded pattern of 1-mm squares over the entire stereomodel. 

These x, y, z-coordinates were then transformed by a three-dimensional 
2 3  ar transformation , that considers lunar curvature, to selenodetic 

coordinates and then to Mercator coordinates N, E, and corresponding H 

values (as mentioned previously in paragraph 2a). These N, E, and H 

values were the input into the Digital Contouring Program. 

SECTION 111. NUMERICAL SURFACE TECHNIQUES 

3. BACKGROUND. To determine contours by computational methods from a 

stereomodel, the usual procedure is to represent the surface by a network 

of measured points, then by an equation. In addition, an efficient con- 

touring method should make use of the many techniques which are consciously , 

or subconsciously employed in manual contouring. It is possible to obtain 

a statistically valid surface of a data configuration that is completely 

unrealistic when it is compared to what the cartographer might expect, 

due to his knowledge of topography. 

various ideas were explored with the idea of designing an AMs contouring 

With these considerations in mind, 

program. First, however, literature on digital contouring had to be 

obtained and inquiry had to be made among various organizations to deter- 

mine whether any digital contouring programs were available. It was 
5 6 determined that I B M 4 ,  the Marquasdt Corporation , CDC , and the X, Y- 

Plotter manufacturers have these programs. The Numerical Surface Tech- 

niques, described herein, are a consolidation of citations 4 ,  5, and 6 ,  

associated with additional concepts, to formulate a procedure for digital 
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contouring of topographic data. 

4 .  DIGITAL CONTOURING PROCEDURE. a. Contour Program Input Data.. Input 

into the contouring program consists of three coordinate values (X, Y, 2) 

for each data point. The X, Y, and Z ' s  correspond to Easting and Northing 

grid coordinates and the elevation of the point of interest. These coor- 

dinates are the transformed photogrammetric measurements. Normally, they 

are randomly distributed as shown at the top of figure 7-3. 

b, Mathematical Grid Construction. A uniform mathematical grid must 

be established over the model area. According to IBM, the grid interval 

should not exceed one-third of the average distance between the network 

of data points for accurate interpretation of the surface. 

c. Mesh-point Values. Once the grid system has been estabrished, 

the Z mesh-point values of the grid must be determined. This is accom- 

plished by a continuous process of fitting planes to groups of observed 

data points. The size of these planes is defined by the grid (mesh) in- 

terval, which has been determined from the average interval between the 

measurements. Thus, the completeness of the contours becomes a function 

of the density of the measurements. 

representing the plane is 

The general form of the equation 

Z = K + H X + D Y  . (7-1) 

To fit these planes, four to eight observed points should be selected so 

that the least squares Bolution will apply. Observed points closest to' 

the area of interest are chosen for the plane fit. 

be controlled by defining a circle of a given radius, 

Equation 7-1 is then fitted to these points by the method of least squares. 

The number chosen can 

(See figure 7-4.) 
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Figure 7-3 = Numerical Surface Representation. 
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F igure  7-5 i l l u s t r a t e s  t h e  f i t t e d  p lane  t o  f i v e  d a t a  p o i n t s .  

p l anes ,  f i rs t  t h e  c e n t r o i d  of t h e  s e l e c t e d  d a t a  p o i n t s  i s  computed. 

t h e  p l a n e ' p a s s i n g  through t h i s  c e n t r o i d  i s  e s t a b l i s h e d  by a weighted, 

least squares  f i t .  

t o  t h e  c e n t r o i d  are g iven  g r e a t e r  weight t han  those  f u r t h e r  away. 

va lues  of t h e  p l ane ,  a t  t h e  c o r n e r s  of a p a r t i c u l a r  g r i d  square ,  are t h e  

mesh-points involved. (See f i g u r e s  7-5 and 7-6 . )  

t h a t  t h e  least squares  c r i t e r i a  provide t h e  b e s t  f i t .  

To f i t  t h e s e  

Next, 

The weights are so determined t h a t  d a t a  p o i n t s  c l o s e r  

The 

Note from f i g u r e  7-5 

Three of t h e  p o i n t s  

are above t h e  p l ane  and two are under i t ,  

t h e  p l ane  Z = K + HX + DY are 

where t h e  number of p o i n t s  i s  r e s t r i c t e d  t o  
4 4 i c ; f j  

Now, l e t  

i .  . 

xi 

A =  [ ~ ]  

The obse rva t ion  equat ions  f o r  

' 

(7-3) 

(7-4) 
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* 

and c =  

The weights can now be defined as w = 1 
5 2  

(7-5) 
/ 

(7-6) 

where D = radial distance of a point (P) from the centroid. 

Then, the weight matrix becomes 

w =  

The normal equations are then defined as 

wi -. 

p T W  a (A) = DT W a 

(7-7 1 

(7-8) ' 

The solution is (A) = @!IT W d - l h T W a .  (7-9) 

After all mesh-points, which surround the original data, have been deter- 

mined by successive fitting of planes, these mesh-points are used to fill 

in the void areas where data do not exist. The final mesh-point values 

are obtained for each grid point in the model. This is illustrated by 

figure 7-6 where all mesh-points are dotted. 

d. Smoothing. For topographic contouring, smoothing between mesh- 

point values should be performed with caution. The contours must portray 

the detail, and they must agree with the observed data. 

smoothing technique is to successively fit a second-degree equation to 

sets of three mesh-points in a row, in both the X and Y directions. 

A suggested 



127 

\ 

\ 
\ 

/ 

/ 
/ 

Figure 7-5. Plane Surface Fitting. 
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(See figure 7-6.) The Z-values corresponding to the required contours 

can be substituted into these equations, and the appropriate X, Y-coor- 

dinates, corresponding to the contour value of Z along the grid, can be 

determined. The general form of the equations for X and Y, respectively, 

are 

Z = A X 2  + B X  t C  , (7-10) 

Z'= A'Y2 + B'Y + C '  (7-11) 

Once the curve is formed, the X, Y-coordinates for a given contour eleva- 

tion (Z) are 

-B+ JB" - 4 A C  , 
2A X =  (7-12) 

and similarly for Y. 

Topographic detail can then be retained by fitting a straight line across 

the diagonals of each grid square. 

the contours, and should make smoother contours. 

This helps eliminate sharp turns in 

60 
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Figure 7-7. Plotting by Segments. 
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e. Plotting Contours. By this time, a huge volume of data has been 

generated. The remaining item is to present the X, Y-coordinates along 

the contours to be drawn by the graph plotter. To minimize the computer 

memory storage problem, plotting by segments (one grid interval at a time) 

is suggested. In this procedure, it is easier for the plotter to join 

successive points that fall on the given contour. This is illustrated by 

/ 

u 

figure 7-7. Operational tests have shown that the procedure provides a 

logical and reliable representation of the given information. 

SECTION IV. ANALYTICAL TOPOGRAPHIC COPIPILATION EXAMPLE 

5. EXAMPLE. Figure 7-8 is an exact reproduction of contours that were 

drawn by the ATC procedure. Figure 7-9 is the same data that has been 

refined by the cartographer. The data for figures 7-8 and 7-9 were 

scaled from a 1:1,000,000 lunar chart. The chart was chosen for the test , 

run because of the crater topography. Two-thousand points were selected 

from a portion of the chart to be used as input into the contouring pro- 

gram. The resulting contours are comparable to the contours from which 

the data were taken. Basically, this method of digital contouring is 

similar to the work performed by a plane-table topographer. However, by 

using computers to process this mass of data, the contouring can be ac- 

complished in approximately two hours per stereomodel. For the first 

lunar model, 4552 observed points over an area of 72 x 93 km were obtained. 

The altitude is about 300 km giving a photography scale of 1:12,000,000. 

The scale of the stereoplanigraph model was 1:1,000,000. Plotting scale 

(X, Y-Plotter) is 1:150,000 with 100-meter contour intervals. Although 

this plotting scale is unrealistic, when compared with the 1:12,000,000 

photo scale, it is desirable to have a large manuscript to analyze the 



contours more thoroughly. The manuscript is about 21 x 27 inches. Figures 

7-10 and 7-11 are a smll portion of this sheet. This compilation re- 

quired the following equipment and time increments: 

Operation Time 
(min. ) 

Adjustment 43 

Plot Contours X,Y-Plotter 150 
Interpolate Contours CDC-3600 Computer 36 

SECTION V. SUMMARY AND CONCLUSION 

6 .  SUMMARY. ATC provides an objectively contoured manuscript which can 

be subjectively enhanced by suppressing at one place and slightly exagger- 

ating at another, according to the cartographer's judgment and photo- 

interpretation skill. This combination of man and machine produces a 

graphic expression of the imagery that is agreeable with the data from 

which the contours are made. Work on the Ranger project indicated that 

ATC is technically feasible. ATC could take on increased emphasis if the 

mensuration of the required density of points could be significantly 

speeded up. These applications are discussed and illustrated in detail 

in chapter 8. 

7, CONCLUSION. The ATC System provides a method of utilizing unusual 

photography that cannot be accommodated on standard-type or modified 

analog instruments. This method of contouring could be especially appli- 

cable to the Lunar Orbiter photography, if the reassembly of the framelets 

renders the photography unusable in analog plotters. 

4 



Figure 7-8 Analytical Topographic C ompilation. Raw Rata. 



Figure 7-9 : Analytical Topographic Compilation Refined e 
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Stereoplanigraph Scale 1; 1,000,000 

Contour In t e rva l  100 meters 
Mesh Network 

X,Y-Plotter Scale 1: 150, ooo 

(900 x 900) meters 

Figure 7-10. Ranger Raw Compilation. 

Note: This compilation was run for the purpose of testing the programs 
in the total ATC system. Compilation is not on a Sekensdetic D a t u ,  
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Stereoplanigraph Scale 1:1,000,000 
X,Y-Plotter Scale 1: 150,000 
Contour Interval 100 meters 
Mesh Network (900 x 900) meters 

Figure 7 -11. Ranger Refined Compilation. 

Note: This compilation was run for the purpose of testing the programs 

in the total ATC system. Compilation is not on a Selenodetic Datum. 
v 
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CHAPTER 8 

EXPERIMENTAL MAPPING PROPER 

SECTION I. PURPOSE AND SCOPE 

1. PURPOSE. This phase was  i n i t i a t e d  t o  determine the  p r a c t i c a l  

appl ica t ion  of t h e  a n a l y t i c a l  compilation techniques and spec ia l ly  

adapted f i r s t - o r d e r  analog and a n a l y t i c a l  s t e r e o p l o t t e r s  i n  support 

of mapping from Ranger and Lunar Orbi te r  photography. 

2. SCOPE. Tests included proof of t h e  developed methods, u t i l i z a t i o n  

of both conventional analog and a n a l y t i c a l  p l o t t e r s ,  and a comparative 

ana lys i s  of t he  Z-coordinates der ived from Ranger VI11 imagery by t h e  

var ious approaches. 

SECTION 11. MATERIAL (GENERAL) 

3 .  PHOTOGRAPHY. a. Des cr i p  t ion o f Pho t ogr aph i c  Sy s t em. The Ranger 

cameras were general ly  pointed along the  ve loc i ty  vector  of t h e  spacecraf t .  

The camera system consis ted e s s e n t i a l l y  of s i x  lenses  which used high 

r e so lu t ion  vidicon tubes as image-recording sensors.  

cameras had approximate 25-nun-focal-length o p t i c s  and th ree  had 

approximate 76-rmn-focal-length opt ics .  

length) u t i l i z e d  a 1150-line fu l l - scan  vidicon, while t h e  other  four  

used a 300-line p a r t i a l - s c a n  vidicon. 

Three of t h e  

Two cameras (one of each foca l  

The imagery t ransmit ted t o  e a r t h  

w a s  recorded on magnetic tape  and on 35-nun fi lm. 

had a format of approximately 16 rmn per  s ide.  

b. Se lec t ion  of Photography. Lunar imagery 

Ranger VI11 mission w a s  s e l ec t ed  fo r  experimental 

The recorded imagery 

obtained from t h e  

mapping because a l l  

camera axes t r a i l e d  t h e  ve loc i ty  vector ;  hence, t h e r e  was less nes t ing  
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of the  images as compared with Ranger missions VI1 and I X .  As a r e s u l t ,  a 

more favorable  base-height r a t i o  ex is ted .  

4. SUPPORTING DATA. a. Ranger VI11 Negatives, Duplicate Ranger VI11 

negat ives  labeled "SODUB" were furnished by JPL. The dup l i ca t e  negat ives  

were generated from t h e  o r i g i n a l  negat ives  , termed "POD" (Prime Or ig ina l  

Data), by a continuous-contact p r i n t e r .  The dup l i ca t e  negat ive f i lm  

stock w a s  Eastman Kodak Type-5235 35-mm f i l m  which had a r e so lu t ion  equal 

t o  approximately 25 lines/mm. 

b. Pos t - f l i gh t  Data. P o s t - f l i g h t  Ranger VI11 d a t a  books containing 

t r a j e c t o r y  da t a ,  camera da ta  and o ther  information regarding each 

exposure were furnished by JPL. From these  da ta  books information f o r  

each exposure w a s  ex t rac ted .  

c. C a m e r a  Cal ibra t ion  Data. It i s  necessary t o  have accura te  and 

meaningful c a l i b r a t i o n  da ta  of an imaging system before photogrammetric 

da t a  can be most e f f ec t ive .  Although e l e c t r o n i c  d i s t o r t i o n s  can be 

estimated p r i o r  t o  a system's use,  a c t u a l  image d i s t o r t i o n  must be 

e s t ab l i shed  i n  t h e  da t a  obtained during t h e  mission operat ion.  

(1) Reseau System. Ranger u t i l i z e d  a matrix of reseau poin ts  

superimposed on the  vidicon tube from which the  a c t u a l  d i s t o r t i o n  

c h a r a c t e r i s t i c s  of t he  t ransmi t ted  da t a  w e r e  determined. However, i n q u i r y  

revealed t h a t  although the  matrix of reseau poin ts  w a s  used t o  determine 

the  d i s t o r t i o n  c h a r a c t e r i s t i c s ,  t h e  dimension of t he  vidicon matrix of 

reseau poin ts  w a s  based on t h e  dimension of t he  master t a r g e t ;  and t h a t  

no p rec i se  measurements had been undertaken t o  determine the  shape of 

t h e  reseau system a f t e r  it w a s  superimposed on t h e  vidicon tube. 
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Therefore, t h e  dimension of the  master matr ix  of reseau poin ts ,  as shown 

i n  f i g u r e  8-1, w a s  used as a b a s i s  t o  cont ro l  a l l  photographic p l a t e  

processing of imagery acquired by the  Ranger V I 1 1  A camera. 

(2 )  Lens Distor t ion.  Radial d i s t o r t i o n  of the  Ranger lenses  

was not  measured p r i o r  t o  f l i g h t .  The approximate values,  furnished t o  

JPL by the  manufacturer (Bausch and Lomb), w e r e  used t o  co r rec t  f o r  t he  

e f f e c t  of r a d i a l  d i s t o r t i o n .  The manufacturer's da t a  w e r e  very sketchy 

i n  t h a t  the  r a d i a l  d i s t o r t i o n  w a s  defined by a three-point  curve. For the  

Ranger VISI A camera the  magnitude of r a d i a l  d i s t o r t i o n  a t  t h e  s i d e  of 

the f i e l d  is -0.065 mm. The r a d i a l  d i s t o r t i o n  pa t t e rn  f o r  t h i s  camera 

is  shown i n  f igu re  4-2. 

(3) Transmission and Reassembly Distor t ions.  The e f f e c t  of 

transmission and reassembly d i s t o r t i o n s  on t h e  Ranger V I 1 1  imagery is  

not known. It is conceivable t h a t  t he  magnitude of these d i s t o r t i o n s  

could be grea te r  than the  lens  d i s to r t ion .  In  any event,  t h e  Ranger 

topographic compilations are influenced by t h e  d i s t o r t i o n  cha rac t e r i s t i c s .  

(4 )  Lens Optical  Data. A l i s t i n g  of the  foca l  lengths  of t he  

p re - f l i gh t  lens  fo r  each Ranger VI11 camera w a s  furnished by JPL.  These 

foca l  lengths,  shown i n  t ab le  8-1, were determined by the  camera 

manufacturer. 

Table 8-1. Ranger V I 1 1  Lens Optical  Data Expressed i n  nun 
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Figure 8-1, Master Matrix of Reseau Points. 
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. 5, PHOTOGRAPHIC PLATE PROCESSING. To preserve t h e  maximum reso lu t ion  of 

photography, it i s  des i r ab le  t o  compile with contac t - sca le  d iapos i t ives .  

However, t h i s  w a s  not poss ib le  with the  Ranger photography as a r e s u l t  of 

the  nonstandard format and foca l  lengths.  I n  order  t o  use t h e  Ranger 

photography, two methods w e r e  employed i n  t h e  photographi 

processing: (a) the  use of a spec ia l  p r i n t e r  (Wild U - 3 )  t o  achieve a 

p a r t i c u l a r  camera-projector combination; and (b) t h e  use  of an enlarging- 

reducing camera. The method employed depended upon the  r a t i o  necessary 

t o  make the  foca l  length and/or format of t h e  Ranger photography 

compatible w i t h  a s p e c i f i c  mapping instrument. 

6 .  PROJECTION, A Mercator pro jec t ion  w a s  used as the 

Ranger VI11 maps. The point  of tangency a t  the  lunar  

by a selenographic sphere,  t he  r ad ius  of which is 1738 

framework f o r  t he  

equator defined 

km. The point  of 

o r i g i n  i s  defined as t h e  in t e r sec t ion  of zero longitude and the  lunar 

equator given by JPL. This framework i s  of t h e  conformal type; i.e., 

small areas of the  sur face  of the moon w i l l  r e t a i n  t r u e  shapes on t h e  

pro jec t ion ;  measured angles c lose ly  approximate t r u e  values;  l i n e s  of 

constant azimuth appear as a s t r a i g h t  l i n e ;  and t h e  s c a l e  f ac to r  i s  t h e  

same i n  a l l  d i r e c t i o n s  from a point .  

7. CONTROL. Approximately 500 poin ts ,  bounded by the  se lenocent r ic  

p a r a l l e l s  of -2.4 and +2.9 degrees and the  se lenocent r ic  meridians of 

+17.2 and +21.7 degrees,were measured on Ranger V I 1 1  photography with 

Mann Comparators. AMs Preliminary Report, "Selenodetic Control from 

Ranger Photography," dated March 1966 I, o u t l i n e s  t h e  progress and f u t u r e  

work regarding t h e  determination of t h e  se lenodet ic  pos i t i on  of t hese  
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points .  Due t o  the  absence of t h e  planned se lenodet ic  cont ro l  f o r  v e r t i c a l  

and hor izonta l  pos i t ion ing  of t h e  topographic d a t a ,  i t  was necessary t o  

use the  following: (a) se lenocent r ic  coordinates of observed su r face  

poin ts  ( those covered by t h e  r e t i c l e s  on t h e  photographs) furnished by 

JPL; (b) previously es tab l i shed  se lenodet ic  cont ro l  (one point)  published 

i n  AMs Technical Report No. 29, (Pa r t  Two: AMs Selenodet ic  Control 

System 1964) , and  (c) e x i s t i n g  lunar map sources. 
2 

SECTION 111. EXPERIMENTAL MAPPING 

8. INTRODUCTION. Mapping procedures t o  use the  Ranger photography 

ranged from conventional analog stereophotogrammetric methods t o  newly 

developed a n a l y t i c a l  methods i n  order t o  determine t h e  l oca l  va r i a t ions  

i n  t h e  lunar topography. Conventional car tographic-qual i ty  photography 

w a s  used t o  v e r i f y  the v a l i d i t y  of  the  a n a l y t i c a l  reduct ion methods t h a t  

w e r e  developed. 

9. ANALYTICAL REDUCTION V A L I D I T Y  TESTS. Arizona T e s t  photography w a s  

used a s  a bas is  f o r  the analyses  of these tests.  The photography was 

taken by a car tographic  6-inch-focal-length camera, flown a t  an a l t i t u d e  

of 27,000 f e e t .  

a. Comparative Analysis of Z-coordinates Derived by t h e  Analog P l o t t e r /  

Mathematical Or ien ta t ion  Method and the  Conventional Analog Stereophoto- 

grammetric Method. (1) Equipment. The Zeiss 6-inch-focal-length 

Stereoplanigraph C-8 w a s  used both f o r  measurement of t h e  s tereographic  

coordinates of t h e  r e l a t i v e l y  or ien ted  Arizona T e s t  model, and f o r  a 

conventional analog stereophotogrammetric absolu te  o r i e n t a t i o n  and 

compilation of the  same model. 
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(2) Procedure . (a) Ana log P l o t  ter /Mathema t ica 1 O r  ien ta t  ion 

Method. The Arizona T e s t  model w a s  r e l a t i v e l y  or ien ted  t o  simulate t h e  
* 

Ranger conditions (extreme t i l t s )  a t  a scale approximately equal t o  1:27,000. 

An instrument network of 4200 image poin ts  w a s  measured a t  increments equal 

t o  1 mm. I n  addi t ion ,  r e l a t i v e  s tereographic  coordinates f o r  controx 

poin ts  and prominent fea tures ,  such as peaks, saddles ,  and depressions,  

were measured. A minimum of t h ree  observations were made and recorded 

by one operator f o r  each point.  The r e l a t i v e  s tereographic  coordinates 

were then absolutely or ien ted  by the Analog Plotter/Mathematical  

Or ien ta t ion  Method and put i n  contour form by the  Dig i ta l  Contouring 

Method. These methods were previously described i n  chapters 5 and 7. 

The da ta  derived through these methods were portrayed with a 10-meter 

contour in t e rva l .  

(b) Conventional Analog Stereophotogrammetric Method. The 

Arizona T e s t  model w a s  c leared of Y-parallax, leveled, and scaled a t  

1:27,000 t o  ground con t ro l .  Topographic da ta  were then derived by the  

conventional contouring method a t  10-meter increments. Rela t ive  heights  

were a l so  recorded f o r  a l l  prominent f ea tu res  and cont ro l  points.  

(3)  Results.  (a) Control. Each method used t h e  same system of 

known cont ro l  po in ts  f o r  absolute  o r i en ta t ion  of t he  Arizona T e s t  model. 

A s  shown i n  t a b l e  8-I1,the standard e r r o r  (az) f o r  the  Z-coordinates 

(when employing the  Conventional Analog Stereophotogrammetric Method) 

yielded a oz of 3.63 f e e t  as compared t o  a crz of 3.86 f e e t  fo r  t h e  Analog 

P l o t t e r  /Mat hemat i ca  1 O r  i e n t a t  ion Method . 
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sble 8-1 
Point ID 

- 
R9 

T9 

u9 

58 

T8 

R7 

s7 

u7 

S6 

T6 

U6 

R5 

R4 

S4B 

T4 

u4 
_I___ 

Arizona Test Model Z-COC 

1208.799 

1180,699 

1180,298 

1164.501 

1166.896 

1138,599 

1148,199 

1172.300 

1146.299 

1 16 1.40 1 

1175.600 

1134,101 

1168.799 

1207.201 

1325.600 

1206.801 

-0.56 

-2.62 

-1.84 

-0.33 

+1.08 

+O.72 

+3.64 

-1.51 

+4.33 

+4.27 

-0.92 

-0.36 

+9.55 

+3.12 

+5 58 

-5.05 

itandard Error (az> = 3.86 

n- 1 

n = number of poin ts  

d ina te  Orie 
Comparator/ 
Ana ly t i ca 1 
Method 

Az 

+2.43 

-2.39 

-2.40 

+O. 13 

M.85 

-2.26 

+O. 56 

+O.20 

+2.49 

+5.05 

-0.66 

-0.56 

-4.17 

+1.97 

+O .36 

-1.51 

2.30 

:at ion .(Feet) 
Convent iona 1 
Method 

AZ 

-0.52 

-0.52 

-0.52 

-0.52 

-0,52 

-0.52 

96.03 

-0.53 

-0.56 

+6.03 

-0.56 

-0.56 

-8.40 

-0.52 

+6.03 

-3.84 

3.63 



145 

(b) Relative Heights. Ten prominent f ea tu re s  were se lec ted  

t o  determine i f  any d i f fe rences  ex i s t ed  i n  relative he ights  determined by 

the  Convenfional Stereophotogrammetric Method and those determined by t h e  

Analog Plo t te rh la themat ica l  Or ien ta t ion  Method, The se lec ted  f ea tu res  

had an extreme v e r t i c a l  rise i n  comparison with t h e i r  base ( v e r t i c a l  r ise 

= approximately 6 x  the  base). 

would be ind ica t ive  of many f ea tu res  on t h e  moon. 

the  average r e l a t i v e  height  loss  i n  the  10 prominent f ea tu res  w a s  3.25 

fee t .  This loss w a s  due t o  the  Analog Plo t te rh la themat ica l  Orientat ion 

Method. 

These f ea tu res  w e r e  se lec ted  because they 

A s  shown i n  t a b l e  8-111, 

Table8-1II.Arizona T e s t  Model Rela t ive  Height Analysis Expressed i n  Fee t  

Average Loss = 3.25 f t .  11.77 f t .  

(c) Dig i t a l  Contouring Program. An average dens i ty  of model 

measurements w a s  used as input i n to  the  Dig i ta l  Contouring Program. An 

ana lys i s  of the  d i g i t a l  contour p l o t  revealed a major d i f fe rence  

(elevat ion loss) i n  t he  input relative height  and the output relative 
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height  f o r  t h e  10 se l ec t ed  prominent fea tures .  The e leva t ion  loss o f  

11.77 f e e t  w a s  a t t r i b u t e d  t o  t h e  plane f i t t i n g  process of the  contouring 

program (see t a b l e  8-111,)It w a s  determined t h a t  t h i s  loss w a s  d i r e c t l y  

r e l a t e d  t o  t h e  dens i ty  of t h e  model measurements of features,which had 

an  extreme v e r t i c a l  rise as compared t o  t h e i r  base, and could be reduced 

by increasing t h e  dens i ty  of model measurements. I n  addi t ion ,  s ince  a l l  

spec ia l  f ea tu re s  were photo- ident i f ied  a t  the  t i m e  of t h e i r  measurement, 

t h e i r  relative height  (as computed by the  Analog Plotter/Mathematical  

Or ien ta t ion  Method) could be recovered and used i n  t h e  car tographic  sh 

phase. Figure 8-2 shows an Arizona Test area compilation produced by the  

Conventional Analog Stereophotogrammetric Method. Figure 8-3 shows t h e  

r a w  da ta  of t h e  same area compiled by the  Analog Plotter/Mathematical  

Or ien ta t ion  Method, and the  subsequent d i g i t a l  contouring and X, Y 

graphical  p l o t t i n g  technique. Figure 8-4 shows t h e  r a w  da t a  a f t e r  

car tographic  shaping, and t h e  recovery of t h e  r e l a t i v e  height  of prominent 

f ea tu re s  as computed by the  Analog Plotter/Mathematical  Or ien ta t ion  Method, 

Notice t h a t  no s i g n i f i c a n t  change occurs as a r e s u l t  of t h i s  shaping, 

(d) P r o f i l e  Comparison. Two sets of p r o f i l e s  w e r e  drawn 

from each contour compilation ( f i g s .  8-2 and 8 - 4 ) ;  t h e  p r o f i l e s  covered 

t h e  same topographic d e t a i l .  A graphical  comparison of p r o f i l e s  AB and 

CD ( f ig .  8-5 )  shows the agreement between t h e  two compilations, 

Elevation d i f f e rences  taken a t  18 evenly spaced poin ts  

p r o f i l e  were manually in te rpola ted .  A s  shown i n  t a b l e  

removing t h e  e f f e c t  of datum di f fe rence ,  t h e  oZ of t h e  

both p r o f i l e  l i n e s  i s  3.65 f e e t .  

along each 

8 - I V ,  a f t e r  

d i f f e rences  for  



Figure 8-2. Arizona Test Area Compilation by the Conventional Analog 
Stereophotogrammetric Method. 
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Figure 8-3. Arizona Test Area Compilation by the Analog Plotter/Mathematical 
Orientation Method, and the Digital Contouring and X, Y Graphical 
Plotting Technique. 
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B 

D 

Figure 8-4. Arizona Test Area Compilation after Cartographic Enhancement 
of the X, Y Graph Plotter Output. 
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Figure 8-5. Arizona Profile Comparison. 
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Table 8-IV. Analysis of the Difference between Profiles OQ Arizona 
I 

Test Compilations Produced by Conventional and Analog 
Plotter/Mathematical Orientation Methods (Feet) 

P 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
G 

- 
zi - 
-4 
+2 
+6 
+4 
+6 
+3 
-3 
-5 
+4 
+5 
+3 
+5 
-2 

0 

+4 
+4 
+1 

0 
t3 3 

’rofile A- 

( Z i  -a 
-5.8 
+o. 2 
+4.2 
+2.2 
+4.2 
+1.2 
-4.8 
-6.8 
+2.2 
+3.2 
+l. 2 
+3.2 
-3.8 
-1.8 
+2.2 
+2.2 
-0.8 
-1.8 

(Zi -w 
33.64 

+ 04 
17.64 
4.84 
17.64 
1.44 
23.04 
46.24 
4.84 
10.24 
1.44 
10.24 
14.44 
3.24 
4.84 
4.84 
.64 
3.24 

202.52 

zi 
-5 
-1 
0 

-2 
0 

-5 
+7 
-2 
+2 

+7 

+4 
-5 
-2 

0 

0 

-4 
-5 
-5 

- 16 

Profile C 

( Z i  -a 
-4.1 
-0.1 
+o. 9 
-1.1 
+o, 9 
-4.1 
+7.9 
-1.1 
+2.9 
+7.9 

+4.9 
-4.1 
-1.1 
-to. 9 
+o. 9 
-3.1 
-4.1 
-4.1 

I) 

( Z i  nz)2 - 
16.81 

.Ol 

.81 
1.21 

. 8 1  
16.81 
62-41 
1.21 
8.41 
62.41 
24.01 
$6.81 
1.21 
.81 
.81 
9.61 
16.81 
16.81 
257.78 

Z i  = ElevationDifferences in Feet 

qzi-q 
%=,/: = 3.89 feet 

q zi - 12)2 
= 3.45 feet 

Average e= 3.65 feet 
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b. Comparative Analysis of Z-coorc hates Derive4 

rl 

by the Conventional 

Analog Stere3photograminetric Method and the Comparator/Analytical Method. 

(1) General, The Z-coordinate orientation results (table 8-11) 

of the Conventional Analog Stereophotogrammetric Method and the relative 

height determined for point 6 (table 8-111) by this method were used as 

the basis for this analysis. In support of the ComparatorlAnalytical 

Method a Zeiss sterexomparator PSK (fig. 6-2) was used to measure the 

x, y-coordinates of the same control points and the same prominent 

feature on the Arizona Test photographic plates. 

feature was selected to determine whether any difference existed in the 

relative height determined by the Conventional Analog Stereophotogrammetric 

and the Comparator/Analytical Methods. The justification for the selection 

of only one feature was based on the previous analysis. 

it was found that the largest difference in the relative height, deter- 

mined by each of the methods, would occur when a feature had an extreme 

vertical rise in comparison with its base. 

Only one prominent 

In that analysis 

(2) Digital Contouring Propram. The Digital Contouring Program 

Data derived from the Coinparator/Analytical was not used for this test. 

Method would have been in the same form (X, Y, Z-coordinates for each 

data point), and processed through the same Digital Contouring Program 

as those data derived from the Analog PlotterlMathematical Orientation 

Method, previously discussed in paragraph 9a(3)(b). Therefore, if an equal 

density of test model data points had been furnished from each of the 

methods, the resulting difference,from the input values would have been 

of the same magnitude as shown in table 8-1110 

this difference could be reduced by increasing the density of model 

A s  previously discussed, 

I 
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a 

t 

measurements of a fea ture  which had an extreme v e r t i c a l  rise. 

(3) Procedure. (a) Comparator/Analytical Method. The mensuration 

phase of the Comparator/Analytical Method w a s  similar t o  t h a t  of the Analog 

Plotter/Mathematical Orientation Method. In  essence, the difference w a s  

t ha t  no z-coordinates were measured; only x, y-coordinates were determined 

for  each photographic p l a t e  of the  stereomodel. The x, y-coordinates 

were then adjusted t o  surface control (X, Y ,  Z) by the Comparator/ 

Analytical Method previously described i n  chapter 6. 

(b) Conventional Analog Stereophotogrametric Method. The 

Arizona T e s t  model and t h i s  method, previously described, were used. 

(4)  Results. (a) Control. A s  shown i n  t ab le  8-11, the  absolute 

or ientat ion of the  model by the Comparator/Analytical Method w a s  superior 

t o  the  Conventional Analog Stereophotogrammetric Method, yielding a crz of 

2.30 and 3.63 f e e t ,  respectively.  

(b) Relative Height. The difference i n  the r e l a t i v e  height 

of the feature ,  derived by the two methods, was four feet. 

10. RANGER V I 1 1  TOPOGRAPHIC COMPILATION BY THE CONVENTIONAL ANALOG 

STEREOPHOTOGRAMMETRIC METHOD. a. Equipment. The Zeiss Stereoplanigraph 

C-8 with special  focal  length p lo t t i ng  cameras (210 mm) w a s  used f o r  a 

d i r e c t  compilation of Ranger V I 1 1  imagery. (This instrument was  previously 

discussed i n  chapter 3, sect ion 111.) 

b. Material. (1) Photography. The s tereopair  consisted of 

Ranger V I 1 1  A camera exposures 507 and 515 (figs.  8-6 and 8-7). 

a l t i t u d e  of exposure fo r  photos 507 and 515 is 321 and 283 km, 

respectively. 

The 

The approximate base-height r a t i o  of t h e  s tereopair  , 

based on an average of the  exposure a l t i t udes ,  is 0.10. 
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Figure 8-6. Ranger VI11 Exposure 507. 



Figure 8-7. Ranger VI11 Exposure 515. 

155 
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(2) Diapositives. An enlarging-reducing camera w a s  used t o  

reproduce the  16-~m-format negatives on super f l a t  9- x 9- x .025-inch 

g lass  p l a t e s  a t  an enlargement r a t i o  t o  y i e ld  an equivalent focal  length 

of 210 nnn. The d i apos i t i ve  sca l e s  for  exposures 507 and 515 were 

1:1,528,571 and 1:1,347,619, respect ively.  

C. Procedure. (1) Orientation. (a) Relative.  The diapos i t ives  

were posit ioned i n  the  pro jec tors  and or iented t o  each other  t o  produce 

an observed paral lax-free model. The model w a s  then approximately 

horizontal ized and scaled by employing a rough ca lcu la t ion  of t h e  

inherent t i l t s  i n  the  photography and the  pos i t ion  of observed surface 

points  furnished by the  JPL. 

(b) Absolute. - 1 Vertical .  Absolute o r i en ta t ion  w a s  

accomplished by horizontal iz ing the  model t o  i t s  observed mean plane. 

Special  emphasis w a s  made t o  a r r i v e  a t  a hor izonta l iza t ion  so lu t ion  

t h a t  would y i e ld  c r a t e r  r i m s  of an approximate absolute  e levat ion as 

those published i n  the previously mentioned AMs Technical Report, No. 29, 

(Par t  Two) and those shown on ex i s t ing  lunar map sources. 

- 2 Horizontal. The pos i t ion  of observed surface poin ts  

furnished by JPL and the  selenodet ic  pos i t ion  of one point published i n  

AMs Technical Report, No. 29 (Par t  Two) were used as horizontal  control.  

(2) Scale. (a) Model. After  absolute  or ien ta t ion ,  the  

r e su l t i ng  model scale w a s  1:800,000. 

(b) Viewing. Ocular magnification of 4 . 5 ~  yielded a 

1: 177,778 viewing scale .  

(c) P lo t t i ng ,  The topographic data  were portrayed on a 

Mercator project ion a t  a 1:250,000 scale .  
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(3) Curvature Correction. (a) Employing Standard Curvature 

Correction Formula. When photographs cover l a rge  sur face  d i s t ances ,  t h e  

e f f e c t  of curvature  is  considerable.  This e f f e c t  causes t h e  datum of 

any photograph t o  arch upward i n  a v e r t i c a l  bow. 

on a stereomodel 

The e f f e c t  of curvature  

i s  removed by applying a co r rec t ion  t o  instrument 

e leva t ions .  A desc r ip t ion  of t he  adjustment and app l i ca t ion  process, 

as r e l a t e d  t o  t h e  Ranger topographic compilation, shown i n  f igu re  8-8, 

is  as follows: 
I 

- 1 Mathematical Development. Lunar curvature  is 

derived from the  r e l a t i o n s h i p  

rF Lc = - 2R 

L, = lunar curva ture  in  ki lometers  (km) 

2R = 3,476 km 

D = d i s t ance  measured from a poin t  tangent t o  
t h e  sur face  of t he  moon, i n  ki lometers  

R = r ad ius  of moon. 

Since a l l  values  on t h e  model are recorded i n  m i l l i m e t e r s ,  they must 

be converted t o  ki lometers  and subs t i t u t ed  i n t o  r e l a t i o n s h i p  (8-1). 

This is accomplished by using: 

1 , and 1 m e t e r  (m) = 1 1 m i l l i m e t e r  (m) = 
1000 m e t e r  1000 kilometer 

Theref ore ,  

4 2  s = (&) (&E) (*) = (1000) (1000) 

,!c = lunar  curvature  i n  m i l l i m e t e r s  a t  model scale 

1 / S  = model scale, where S i s  t h e  denominator of t he  

r ep resen ta t ive  f r ac t ion .  
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INTERVAL OF APPROXIMATE CONTOURS 100 METERS 

Figure 8-8. Topographic Compilation Compiled from Ranger VI11 Photography 
Using a 210-mm-focal-length Stereoplanigraph C-8. 

J 
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Chap 8, P23 

Also, 

where 

7/(x - Z)2 + (y - -)a S 
= (1000 ) (1000 ) 

x, y = instrument value of image points 
in the model 

- -  x, y = mean value of all control points 
in the model 

- d ( x  - X)2 + (y - Y ) ~ =  distance from center of model 
(point of tangency) to control or 
features. 

By substituting values from ( 8 - 2 )  and ( 8 - 3 )  into (8-1) one obtains 

J(x (1000 - z)2 ) , + ( (y 1000 - ' rs )2  J 

3476 
a, 

(1000) (1000) 

which simplifies to 
- 2  y>=s IC = ( x - x) + (y 

J (8 -4 )  
3476 x lo6 

which represents lunar curvature in millimeters at a distance from 
- x, 7 at the scale of the model. 

- 2 Application. IC is applied to the instrument z value 

of all points on the model by using a graph of centric circles (fig. 8-9). 

The radii of each represents lunar curvature in millimeters at a distance 

from%, 7 at the scale of the model. 

,Flattening of Model Employing Vertical Correction Based 

on Observed Drop-off from Center of Model. After applying corrections 

for all known factors attributing to model deformation, it was observed 
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Figure 8-9, Lunar Curvature Correction Graph Based on the Standard Curvature Correc 
Formula. 
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t h a t  a drop-off ex is ted  i n  the  east and w e s t  d i r ec t ion  from the  center 

of t he  compilation (fig. 8-8). 

drop-off w a s  due t o  t h e  loca l  Lunar topographic formation o r  t o  the 

transmission and reassembly d i s to r t ions  f o r  which no info  

obtained. Of course, t he re  was  no conclusion. A s  an addi t ion t o  t h i s  

phase, but not  intended f o r  map reproduction, f i gu re  8-10 shows the  

The foremost question was whether t h i s  

ion could be 

r e su l t i ng  compilation from photographs 507 and 515 when assuming t h a t  

t he  datum plane is  f l a t .  The datum-plane correct ion graph (f ig .  8-11) 

was constructed t o  represent the  v e r t i c a l  correct ion required to  reduce 

a l l  the  elevat ions t o  a common datum. Features, such a s  c ra t e r s ,  f l a t  

areas, and la rge  rills, were observed i n  the  stereomodel t o  determine 

the  degree of v e r t i c a l  correct ion necessary t o  reduce a l l  features  t o  a 

common plane. Differences (+) between instrument values and a theore t ica l  , 

plane were recorded f o r  the  construction of the  graph. 

were being drawn, the  instrument values were adjusted t o  correspond to  

A s  the  contours 

the  values of t he  correct ion graph l i n e  t h a t  w a s  crossed. 

( 4 )  z-coordinate Observation Precision. The precis ion w i t h  which 

z-coordinates could be observed in  the  stereomodel w a s  determined by one 

operator who took observations three  t i m e s  each on 25 selected points. 

From these observations a 1-sigma-heighting precis ion (oZ) was calculated.  

For t h i s  model the 1-sigma-heighting capabi l i ty  is 110 meters ( table  8-V). 

(5) Contouring. Horizontal and v e r t i c a l  measurements within the 

model were made by means of a f loa t ing  mark. Vert ical  e levat ions were 

determined by placing the  f loa t ing  mark on the  imagery surface and reading 
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Figure 8-10. Ranger VI11 Compilation by Conventional Analog 
Stereophotogrammetric Methods Using a 210-mm- 
focal-length Stereoplanigraph C-8 and Employing 
a Datum-plane Correction Graph. 
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Table 8-V. Z-coordinate Observation Precision Expressed in mm 
(210-mm-focal-length Stereoplanigraph) 

- - _ _  - 

. Observations 
Pt. No. ' 

I I 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
16 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

306.59 
306.18 
305.92 
306.93 
307.29 
306.29 
305.76 
305.14 
305.27 
305.39 
304.48 
303.50 
306.86 
305.80 
304.96 
304.52 
304.46 
307.74 
306.68 
305.54 
304.72 
305.05 
305.20 
304.81 
305.12 

306.57 
306.02 
305.97 
306.99 
307.13 
306.36 
305.72 
304.98 
305.24 
305.76 
304.60 
303.62 
306.71 
305.72 
304.60 
304.90 
304.24 
307.58 
306.59 
305.75 
304.41 
305.48 
304.93 
305.09 
304.96 

306.76 
305.87 
306.18 
307.34 
307.07 
306.51 
306.05 
305.15 
305.49 
305.81 
304.40 
303.86 
306.37 
305.77 
304.79 
304.83 
304.36 
307.38 
306.74 
305.80 
304.24 
305.29 
304.73 

1 305.10 
304.83 

304.77 +0.15 -0.17 +0.02 0.0518 
304.75 -0.23 +0.15 +0.08 0.0818 
304.35 +0.11 -0.11 +0.01 0.0242 

306.67 +0.01 -0.08 +0.07 0.0114 
305.70 -0.16 +0.05 +0.10 0,0381 

305.27 -0.22 +0.21 +0.02 0.0929 

305.00 -0.19 +0.09 +0.10 0.0542 

307.57 +0.17 +0.01 -0.19 0.0651 

304.46 +0.26 -0.05 -0.22 0.1185 

304.95 +0.25 -0.02 -0.22 8.1113 

304.97 +0.15 -0.01 -0.14 0,0422 

Z1 , Z, 

n = Number of observations 
z =zi = Arithmetic mean of observations per point 

Z, = Observation per point (Z i )  

n 

oZ = 0.1371 mm 

Zi-Z = Deviation of each observation from the arithmetic mean 

C(Zi-Z)2 = Sum of the squares of the deviation of each observation from the 
arithmetic mean 

= Standard deviation or precision of a single observation aZ 

At the model scale of i:800,000 
n-1 

the standard deviation is approximately 110 meters. 
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the metric height-indicating scale. Desired elevations were then 

portrayed in the form of contours with the use of a Coordinatograph 

connected to the Stereoplanigraph. 

d. Results. (I.) Employing Standard Curvature Correction Formula. 

The resulting compilation, compiled by the Conventional Analog Stereo- 

photogranrmetric Method and using the standard curvature correction for- 

mula, is shown in figure 8-8. A comparison of this compilation with the 

others produced by the methods yet to be discussed is analyzed in para- 

graph 14, "Comparative Analysis of Ranger Profiles." 

(2) Employing Datum-plane Correction Graph. When this type of 

curvature correction was applied to the model, a compilation such as 

figure 8-10 resulted. No statistical analysis was made of this compila- 

tion; it was produced solely for visual comparison with figure 8-8. As 

can be seen, the relative height of local individual features on both 

figures are comparable; whereas, a significant difference oceurs in the 

over-all contours of the topography. 

11. 

MATICAL ORIENTATION METHOD. a. Equipment. The Zeiss Stereoplanigraph 

C-8 with 6-inch-focal-length plotting cameras was used to obtain instrument 

RANGER VI11 TOPOGRAPHIC COMPILATION USING THE ANALOG PLOTTER/MATHE- 

x, y, z-coordinates throughout the stereomodel. The 6-inch-focal-length 

cameras are the standard plotting cameras used to extend horizontal and 

vertical control and are used for special-type stereophotogrammetric 

compilations of the earth. Periodic grid flatness tests have shown that 

the combined effect of these cameras and the mechanical and optical train 

of the Stereoplanigraph yield an indicated vertical accuracy of one part 

in 15,800 at the optimum (300 mm) projection distance. 
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b. Material. (1) Photography. The stereopair consisted of A camera 

exposures 507 and 515, referred to in paragraph lOb(1). 

(2) Diapositives. An enlarging-reducing camera was used to 

reproduce the 16-mm-format negatives on super flat 9- x 9- x 0.25-inch 

glass plates at an enlargement ratio to yield an equivalent focal length 

of 6 inches. The diapositive scale of exposures 507 and 515 was 1:2,106,299 

and 1:1,856,955, respectively. 

c. Procedure. (1) Relative Orientation. The diapositives were 

positioned in the cameras and oriented to one another to produce an 

observed parallax-free model. Horizontalization of the model to a mean 

plane could not be accomplished due to the physical limitation of the 

6-inch-focal-length Stereoplanigraph. Therefore, the maximum tilts that 

the instrunent would allow were introduced into the model. 

(2) Scale. ( a )  Model. The scale at the center of the relatively 

oriented model was 1:1,000,000. 

(b) Viewing. Ocular inagnification of 4.5~ provided a 

1:222,223 viewing scale. 

(3)  z-coordinate Observation Precision. The precision with which 

z-coordinates could be observed in the stereoinodel was determined by one 

operator who took three observations 02 each of 25 selected points. From 

these observations a l-sigma measurement for elevation of a point in the 

model was determined. 

116 meters (See table 8-VI.) 

The 1-sigma-heighting precision for this model was 
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Table 8-VI ,  Z-coordinate Observation Precision Expressed in mm 
(Analog Plotter/flathematical Orientation Method) 

?t. No. - 
1 
2 
3 
4. 
5 
6 
7 
8 
9 

PO 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

Z1 
305.00 
304.46 
304.39 
304.36 
303.92 
302.63 
303.37 
303.49 
302.90 
303.21 
303.19 
303.56 
303.39 
304.39 
302.70 
302.77 
301.02 
301.38 
301.27 
304.48 
301.69 
303.97 
304.40 
304 e 09 
304.31 

bs ervatioi 
z2 

305.25 
304.36 
304.20 
304.67 
303.79 
302.77 
303.29 
303.46 
303.06 
303.50 
303.40 
303.56 
303.46 
304.29 
302.66 
302.90 
300.88 
301.52 
301.21 
304.45 
301.38 
303.77 
304.20 
303.80 
304.2 1 

z3 
111111 

305.30 
304.27 
304.17 
304.57 
303.69 
302.76 
303.26 
303.28 
302.99 
303.64 
303 49 
303.43 
303.27 
304.23 
302.70 
302.49 
300.68 
301.37 
301.19 
304.50 
301.29 
303.57 
304.00 
303.69 
303.94 

‘z 

305.18 
304.36 
304.25 
304.53 
303.80 
302.72 
303.31 
303.41 
302.98 
303.45 
303.36 
303.52 
303.37 
304.30 
3Q2.69 
302.72 
300.86 
301.42 
301.22 
304.48 
301.45 
303.77 
304.20 
303.86 
304.15 

~ e ~ i ~ t i o n  from Mean 

-0.18 
+on 10 
+O, 14 
-0.17 
+o. 12 
-0.09 
+O. 86 
+O. 08 
-0.08 
-0.24 
-0.17 
+O. 04 
+O. 02 
+o. 09 
+o. 01 
+O. 05 
+O. 16 
-0.04 
+O. 05 
0.00 

+O. 24 
+O, 20 
+o. 20 
+O. 23 
+O. 16 

Z1, Z, , Z, = Observ&tion per point (Zi) 

n = Number of observations 
=Ei = Arithmetic mean of observations per point 
n 

+O. 07 
0.00 
-0.05 
+0,14 
-0.01 
+0,05 
-0.02 
+O. 05 
+O. 08. 
+O. 05 
+O. 04 
+O. 04 
+o. 09 
-0.01 
-0.03 
+o. 18 
+o. 02 
+o. 10 
-0.0% 
-0.03 
-0.07 
0.00 

0 
6 
6 

Z,-Z - 
+o. 12 
-0.09 
-8.08 
+O. 04 
-0.11 
+O. 04 
-0.05 
-0.13 
+o. 01 
+o. 19 
+O. 13 
-0.09 
-0.10 
-0.07 
+o. 01 
-0.23 
-0.18 
-0.05 
-0.03 
+O. 02 
-0.16 
-0.20 
-0.20 
-0.17 
-0.21 

0.0517 
0.0181 
0.0285 
0.0501 
0.0266 
0.0122 
0.0065 
0.0258 
0.0129 
0.0962 
0.0474 
0.0113 
0.0185 
0.0131 
0.0011 
0.0878 
0.0584 
0.0141 
0.0035 
0.0013 
0.0881 
0.0800 
0.0800 
0.0845 
0.0733 

Z i  -2 = Deviation of each observation from the arit 

c ( Z i - z ) 2  = Sum of the squares of the deviation of e 

aZ =+iG% n-1 = Standard deviation or precision of 

At the model scale of 1: 1,000,000 the sta 

arithmetic mean 
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( 4 )  Mensuration Phase. A dense network of 6900 points (x, y, 

z-coordinates determined for each point) were measured and recorded in 

digital fors. The measurements were made at an interval of 1 nun on the 

model with additional points msasured to further define craters, rills, 

and any other significant topographic features. Three observations 

azzd recordings were made by one operator for each point. 

(5) Absolute Orientation. A composite of selenodetic control, 

JPL-observed surface points, and control from existing lunar maps (trans- 

formed into Mercator grid coordinates and elevations) were used as a 

basis for absolute orientation of the digitized data. Details concerning 

the Absolute Orientation Method may be found in chapter 5, "Analog Plotter/ 

Mathematical Orientation Method." 

(6) Curvature Correction. Correction for the effect of lunar 

curvature in the model is an integral part of the Analog Plotter/Mathe- 

matical Ozientation Method. Chapter 5 contains the procedure to be 

followed for curvature correction. 

(7) Contouring. The large volume of irregularly distributed 

datasurface points (X, Y, Z for each data point) derived fron the Analog 

Plotter/Mathematical Orientation Mzthod was processed through the Digital 

Contouring Program (chap 7), where a uniform mathematical grid was 

established from the input data and mesh-point values were computed. 

After a smoothing between mesh-point values, X, Y-coordinates of Z values 

(corresponding to 100-meter interval) were compiled and presented in the 

form of contours by a graph plotter at a 1:250,000 scale. 

shaping was then accomplished by a cartographer to enhance the portrayal 

of the hypsometric data. 

Cartographic 



16 9 

d. Resul t s .  The compi la t ion  produced by t h e  Analog P l o t t e r /  

Mathematical O r i e n t a t i o n  Method is  shown i n  f i g u r e  8-12. This  compila- 

t i o n  i s  compared wi th  t h e  r e s u l t s  of t h e  t h r e e  o t h e r  m e t  

graph 14. 

12. 

ANALYTICAL METHOD. a. Equipment. The Zeiss stereocornparator PSK w a s  

used t o  measure t h e  x ,  y -coord ina tes  of a dense network of p o i n t s  through- 

out  t h e  model. Th i s  instrument i s  no t  l i m i t e d  t o  any phys ica l  ranges ,  

except i n  t h e  s i z e  (9 x 9 inch) of t h e  d i a p o s i t i v e .  The e f f e c t s  of 

temperature in f luences  on measurements are p r a c t i c a l l y  e l imina ted  s i n c e  

t h e  o b j e c t  t o  be measured and t h e  measuring agent are t h e  same base  material. 

Observed x ,  y -coord ina tes  are recorded with t h e  p r e c i s i o n  of one micron. 

Measurements can be made a t  viewing s c a l e s  ranging from 8 t o  16 t i m e s  

d i a p o s i t i v e  s c a l e .  

b. Material. (1) Photography. The s t e r e o p a i r  cons i s t ed  of A camera 

exposures 499 and 515 ( f i g s .  8-7 and 8-13). The exposure a l t i t u d e  f o r  

499 and 515 i s  360 and 283 km, r e s p e c t i v e l y .  Based on an average of t h e  

exposure a l t i t u d e s , t h e  approximate base-height r a t i o  of t h e  s t e r e o p a i r  i s  

0.13. 

(2) D iapos i t i ve .  A Wild U-3  p r i n t e r  (a h igh  p r e c i s i o n  p r i n t e r  

used t o  p repa re  p o s i t i v e  or  nega t ive  t r anspa ranc ie s  of aerial photographs 

on g l a s s  p l a t e s )  was  used t o  prepare  d i a p o s i t i v e s  of exposures 499 and 

515. Exposure 515 w a s  prepared a t  t h e  c o n t a c t  scale of 1:6,807,188, 

y i e l d i n g  a f o c a l  l eng th  of 41.5737 mm. 

was then prepared a t  t h e  s c a l e  comon  t o  exposure 515; t h e  r e s u l t i n g  f o c a l  

A d i a p o s i t i v e  of exposure 499 

l eng th  w a s  52.8856 mm. 
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Figure 8-12. Topographic Compilation Compiled from Ranger VI11 Photography 
Using Analog Plotter/Mathematical and Digital Contouring Methods. 
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Figure 8-13. Ranger VI11 Exposure 499. 
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c. Procedure. (1) - Relative Orientation. Relative orientation was 

performed by azimuthal alignment of the diapositive and elimination of x 

and y-parallaxes to achieve optimum stereoscopic vision. Also, the position 

of each diapositive (with respect to the coordinate system of the measuring 

grid) was determined by measuring the fiducial marks of the diapositives. 

(2) -- Scale. (a) Model. The scale of the model was 1:6,807,188. 

(b) Viewing. A 12x ocular magnification was used to provide 

an approximate 1:567,266 viewing scale. 

(3) z-coordinates OSservation Precision. The z-coordinate was 

not observed or recorded, but was coxputed from input data, such as the 

measured x- and y-image coordinate, focal length, and initial taking camera 

orientation data. Therefore, the precision with which elevations could be 

determined in the stereomodel was basically a function of the precision of 

the measured x-and y-image coordinate in the two photographs of the stereo- 

pair. To determine the reliability of computed Z-coordinates, the x- and 

y-image coordinates of stx points common to the two photographs were measured 

and recorded eight times by one operator. Eight elevations were computed 

for each point by the Comparator/Analytical Method. 

was made of the computed elevations for each point, as shown in table 

A statistical analysis 

8-VII. The 1-sigma-heighting precision for this model was 101 meters. 

( 4 )  Mensuration Phase. The mensuration phase was similar to that 

employed in the Analog Plotter/Mathematical Orientation Method. In essence, 

the difference was that only the x and y-coordinates of a point were 

measured. For this model, a network of 1400 points was measured at al-mm 

interval and recorded in digital form. In addition, points to further define 
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7041 
2661.661 
2754,633 
2918.048 
2770.695 
2718.874 

2650.931 
2536.423 

2735.694 

2574.284 
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8006 
3986,833 
3898.913 
3799.667 
3789.070 
3962.872 

4003.127 
3845,266 

3895.093 

3874. w a  

Ta.ble 8-VII. Z-coordinate Observation Precision Expressed in Meters 

8-052 
3146,322 
3085.329 
3206.265 
3112.169 
3109.609 
2933.653 
2962.693 
3245.008 

3100. i3i 

Computed Z 
Coordinate per 
Observation No 

1 
2 
3 
4 
5 
6 
7 
8 

Z 
- 

SIGMA Z 

RMSE Z 

7070 
3035.219 
2983.380 
2816.941 
2980.010 
3089.067 
2924.106 
2867.502 
3037.909 

2966.768 

(Comparator /Analyt ical Method) - 

77.05932 

72.08240 

7015 
-939,305 
-8 04.952 
-626.609 
-893 e 010 
-937.164 
-1069.461 
-1067.592 
-1067. a23 

-925.7401 

134.2229 79.60778 

74.46626 125.5541 

7083 
-313,986 
-278.372 
-252.330 
-337.072 
-191.763 
-335.154 
-214.757 
-301.394 

-278.1036 

48.01589 

44.91475 

Z SIGMA L = 101.318 
I 

- cz Z = 2 = Arithmetic mean 
AN 

Zp = Computed Z coordinate of the point 

AN = Number of readings per point 

SIGNA Z = L-?] ’ = Standard deviation for an individual point 

Z = Z -E = Residual 

RMSE Z = ‘GzIa ’ = Root mean square e r r o r  for an individual point r d =  
Z SIGMA L = Wi)’ = Standard deviation for all points El 1” 
n = Number of points observed 
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significant features were also aeasured and recorded. 

recordings of each point were made by one operator. 

Three observations and 

(5) Absolute Orientation. A composite of selenodetic control 

(one-point), JPL-observed surface points, and control from existing lunar 

maps (transformsd into Mercator grid coordinates and elevations) were used 

as a basis  for absolute orientation of the digitized data, Absolute orienta- 

tion was performed using the Comparator/Analytical Method prebiously dis- 

cussed in chapter 6. 

(6) Lens Distortion and Curvature Correction. Correction for 

the effect of lens distortion and lunar curvature in the mDdel is a part 

of and was applied during the absolute orientation procedure. Details 

concerning these corrections may be found in chapter 6 .  

(7) Contouring. The portrayal in contour form of the computed 

surface points (X, Y, Z-coordinates) is identical to the procedure employed 

in the Analog Plotter/Mathematical Orientation Method [par. l l c (7 ) l .  

d, Results. The compilation produced by the Comparator/Analytical 

Method is shorn  in figure 8-14. This cornpilation is compared with the 

results of the other methods in paragraph 14. 

13. RANGER VI11 TOPOSRAPHIC COi9PILATION U S I N G  AN ANALYTICAL PLOTTER, 

a. - E-wnt. The A S - 1 U  Analytical Plotter (fig. 8-15) was used 

for a direct Ranger compilation. This plotter is a first-order map compila- 

tion instrument. Residual parallaxes are removed from the model by a computer 

memory. 

programming) ;or lens and telemetry distortions, ground reconstitution, 

The plotter is designed to make automatic correctioi (throxgli pre- 
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Figure 8-14. Topographic Compilation Compiled from Ranger VI11 Photography 
Using Comparator/Analytical and Digital Contouring Methods. 
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d i f f e r e n t i a l  f i l m  shr inkage ,  and t h e  e f f e c t  of e a r t h  o r  l una r  cu rva tu re  i n  

t h e  model. 

d e s i r e d  ver t ical  exaggeration. 

I n  a d d i t i o q ,  p r o f i l e s  can be produced i n  any d i r e c t i o n  wi th  any 

b. Material, (1) Photography, The s t e r e o p a i r  cons i s t ed  of A camera 

exposures 507 and 515. 

km, r e s p e c t i v e l y .  

approximate base-height r a t i o  of t he  s t e r e o p a i r  i s  0.10. 

The exposure a l t i t u d e  f o r  507 and 515 i s  321rand 283 

Based on an average of t h e  exposure a l t i t u d e s ,  t h e  

(2) Diaeos i t ive .  The d i a p o s i t i v e s  of exposures 507 and 515 were 

The r e s t i l t i n g  prepared wi th  a Wild U - 3  p r i n t e r  a t  a scale of 1:2,000,000. 

f o c a l  l eng th ,  due t o  t h e  enlargement, w a s  160.4994 and 141.4960 nun f o r  

exposures 507 and 515, r e s p e c t i v e l y .  

c. Procedure. (1) Or ien ta t ion .  T ra j ec to ry  d a t a ,  camera d a t a ,  and 
I - -- 

o the r  information regard ing  each exposure (provided by JPL) w e r e  used t o  

compute, f o r  t h e  s t e r e o p a i r ,  a l o z a l  space r ec t angu la r  coord ina te  system 

whose Z-axis w a s  normal t o  t h e  c e n t e r  of t h e  over lap  area on the  lunar  

sur face .  Based on t h i s  t ransformat ion  and on t h e  i n e r t i a l  re fe renced  

o r i e n t a t i o n  d a t a ,  i n i t i a l  r e l a t i v e  elements of o r i e n t a t i o n  w e r e  es t imated  

and en te red  i n t o  t h e  computer memory of t h e  p l o t t e r .  Based 03 tr ial-  

and-er ror  numerical and analog procedures,  t h e  i n i t i a l  r e l a t i v e  o r i e n t a t i o n  

elements w e r e  r e f ined .  Absolute v e r t i c a l  o r i e n t a t i o n  was  accomplished by 

l e v e l i n g  t o  t h e  r i m s  of l a r g e  ctaters and t o  t h e  mean s u r f a c e  area. The 

model was  h o r i z o n t a l l y  c o n t r o l l e d  t o  the  coord ina te s  of t h e  observed s u r f a c e  

p o i n t s  fu rn i shed  by JPL. 

(2)  Scale.  (a) Model, The model scale w a s  1:2,000,000. 



178 

(b) Viewing. A LOX ocular magnification provided a 1:200,000 

viewing scale. 

(c) 

projection at a 1:250,000 scale. 

The plotting was accomplished on a Mercator 

(3)  Lens Distortion. The effect of lens distortion in the model 

was automatically corrected during coqilatioa. This was accomplished by 

entering into the computer section of the plotter the degree of the inherent 

distortion expressed at plate scale. 

( 4 )  Curvature Correction. The mathematical development for elimi- 

nating the effect of lunar curvature in the model was basically the same as 

that previously descrLbed in paragraph lOc(3). The significant difference 

was in the application process. 

cation, the mathematical derivation was entered into the computer section 

of the plotter where an automatic correction for the effect of curvature 

was made during the contouring phase. 

Instead of a graphic adjustment appli- 

~ 

(5) z-coordinate Observation Precision. The precision with 

which z-coordinates could be observed in the stereomodel was determined 

by one operator who took three observations of each of 25 selected points. 

From these, a 1-sigma-heighting precision was calculated (table 8-VIII). The 

1-sigma-heighting precision for this model was 101 meters. 

(6) Contouring. The contoaring prozedure was identical to 
I 

that ernployed in the Conventional Analog Compilation Method. Vertical 

measurements within the model ware made by means of a floating mark. 
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Pt. No. 

1 
2 
3 
4 
5 
6 
7 

9 
10 
11 
12 
13 
14 
15 
16 
17 
3.8 
19 
20 
21 
22 
23 
24 
25 

a 

Table 8-VIII. Z-coordinate Observation Preciston Expressed in mm 
I (AS-11A Analytical Plotter) 

Observations 

Z1 
303.927 
303.952 
305.378 
304.935 
306.224 
306.917 
307.639 
306.715 
306.266 
305.397 
305.425 
305.327 
305.629 
305 720 
306.319 
305.649 
305.083 
305.660 
305.460 
305.645 
305.774 
304.532 
304.857 
303.473 
305.809 

z2 

303.8 15 
303.999 
305.471 
305.106 
306.257 
306.862 
307.748 
306.670 
306.196 
305.356 
305.466 
305.452 
305.663 
305.797 
306.293 
305.725 
305.179 
305,656 
305.589 
305,687 
305.668 
305.537 
304.750 
303.466 
305.954 

z3 

303.784 
304.091 
305.513 
305.148 
306.320 
306.943 
307.663 
306.640 
306.159 
305.297 
305.333 
305.514 
305.691 
305.721 
306.168 
305.647 
305.170 
305.592 
305.559 
305.588 
305.658 
305 a 515 
304.691 
303.396 
305,979 

- 
Z 

303.842 
304.014 
3 05.454 
305.083 
306.267 
306.904 
307.683 
306,675 
306.207 
305.350 
305.408 
305.431 
305.661 
3 05 e 746 
306.260 
305.673 
305,144 
305.636 
305.536 
305.640 
305.700 
304.528 
304.766 
303,445 
305.914 

Deviz 

z1-’z 
+O. 085 
-0,062 
-0.076 
-0.088 
-0.043 

-0.044 
+O. 003 

+O. 040 
+O. 059 
+0,047 
+O. 017 
-0.104 
-0.032 
-0.026 

-0.024 
-0.061 

-0.076 

+O. 059 

+O. 024 

+O.  005 
+ O .  074 
+O. 004 
+o. 091 
+o. 028 
-0,105 

.on from Mean 

z, -z 
-0.027 
-0.015 
+O. 017 
+ O .  023 
-0.010 
-0.042 
+O, 065 
-0,003 
-0.011 
+O. 006 
+O. 058 
+o. 021 
+o. 002 
+O. 051 
+O. 033 
+O. 050 
+O. 035 
+o. 020 
+O. 053 
+O. 047 
-0.032 
+o. 009 
-0,016 
+o. 021 
+O. 040 

Z1 , Z, Z, = Observztion per point ( Z i )  

n = Number of observations 
Z =,, = Arithmetic mean of observations per point 

Z i  -3 = Deviation of each observation from the arithmetic mean 

CZi 
n 

Z, -2 
-0.058 
+ O .  077 
+ O .  059 
+O .065 
+O. 053 
+O. 039 
-0.020 
-0.035 
-0.048 
-0.053 
-0.875 
+O. 083 
+O. 030 
-0.025 
-0.092 
-0,026 
+O. 026 
-0.044 
+O. 023 
-0.052 
-0.042 
-0.013 
-0.075 
-0.049 
+o. 065 

0.011318 
0.009998 
0.009546 
0.012498 
0.004758 
0.003294 
0.006561 
0.002~50 
0.005906 
0.005054 
0.009278 
0.018146 

0.003902 
0.013034 
0.003752 

0.00192a 

Q. 00!31l4 
0.00493~1 

0 2  = 

C T ~  = 0.0503 mm 

g(Zi-z)2 = Sum of the squares of the deviation of each observation from the 

aZ = J - z G T  n-1 

At the model scale of 1:2,000,000 the standard deviation is a p p r ~ i m a t ~ ~ y  101 

arithmetic mean 

= Standard deviation or precision of a single observation 

rs.  
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Ver t i ca l  e leva t ions  were determined by placing the  f l o a t i n g  mark on the  

imagery sur face  and reading the  height- indicator  scale. Desired increments 

of e leva t ions  were portrayed i n  the  form of contours with the  use of a 

Coordinatograph connected t o  the  instrument. 

d. Results.  The compilation produced by the  Analyt ical  P l o t t e r  Method 

i s  shown i n  f igu re  8-16. This compilation is compared with the  results of 

the  o the r  methods i n  paragraph 14. 

14, COMPARATIVE ANALYSIS OF RANGER PROFILES. a. Procedure, An ana lys is  

was made of t h e  r e s u l t i n g  Ranger hypsometric da ta  derived by the four 

reduct ion methods: (1) Conventional Analog Stereophotogrammetric, (2) 

Analog P l o t t e r  Mathematical  Orientat ion,  (3) AS- 11A Analyt ical  P l o t t e r  , 

and ( 4 )  Comparator/Analytical. Two p r o f i l e s  (one each i n  the  X and the  

Y d i r e c t i o n )  were drawn f o r  each contour compilation ( f i g s .  8-8, 8-12, 

8-14, and 8-16). The p r o f i l e s  of each compilation covered the same topo- 

graphic da t a .  Elevations of 15 evely spaced poin ts ,  along each of the 

X and Y p r o f i l e s ,  were manually in te rpola ted  from each of t h e  compila- 

t i ons  ( f i g ,  8-17) .  A new e leva t ion  f o r  each point w a s  then determined 

from t h e  a r i thmet ic  mean of the  four p r o f i l e s .  

b. Resul t s ,  Tables 8-IX through 8-XI1 show the  e leva t ion  d i f fe rences  

from t h e  a r i thmet ic  mean f o r  each of the 30 poin ts  in te rpola ted  from each 

of t he  four compilations. Also, as shown i n  these t ab le s ,  t h e  estimated 

standard devia t ion  (oZ) of the  individual  contour d i f fe rence  fo r  each 

compilation from the  a r i thmet ic  mean p r o f i l e  i s  as follows: 
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(1) Conventional Analog Stereophotogrammetric Method...68 meters. 

(2) 

(3) 

(4) 

Analog Plo t te rh la themat ica l  Or ien ta t ion  Method.....61 meters. 

AS-11A Analyt ical  P l o t t e r  Method.......+...........57 meters. 

Comparator/Analytical Method,. . , . . . . . . , . . , . , . . . . .29 meters. 

A s  a r e s u l t  of t h i s  ana lys i s ,  a 1:250,000 scale Ranger map was published. 

This map consis ted of t h e  compilation produced by t h e  Comparator/Analytlcal 

Method ( f ig .  8-14) combined wi th  a p i c t o r a l  r e l i e f  drawing. 

15. TOPOGRAPHIC MAPPING FROM LOWER ALTITUDE RANGER V I 1 1  PHOTOGRAPHY. 

a. Introduction. Two contour compilations,  designated 531-537 and 

563-565, were compiled from exposures taken a t  an  average a l t i t u d e  of 

191 and 40 km, respec t ive ly .  The Analog Plo t te rh la themat ica l  Or ien ta t ion  
I 

Method was used t o  produce Compilation 531-537 ( f ig .  8-18)and the  

Gomparator/Analytical Method was used t o  produce Compilation 563-565 

( f ig .  8-19). 

b. Ranger V I 1 1  Compilation 531-537, (1) Equipment. The Zeiss 

Stereoplanigraph C-8 wi th  6- inch-focal-length p l o t t i n g  cameras, previously 

discussed i n  paragraph lla, w a s  used t o  o5tain x ,  y ?  ??coordinates 

throughout the  stereomodel. 

(2) Mater ia l .  (a) Photography. The s t e reopa i r  consis ted of 

A camera exposures 531 and 537 ( f ig s .  8-20 and 8-21). The a l t i t u d e  of 

exposure f o r  these  photographs i s  205 and 176 km, respec t ive ly .  Based 

on a n  average of t h e  two exposure a l t i t u d e s ,  t h e  base-height r a t i o  of 

the s t e reopa i r  is  0.09. 



Figure 8-16, Topographic Compilation Compiled from Ranger VI11 Photography 
Using an AS-11A Analytical Plotter. 
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Table 8-T.X. Comparative Analysis of P r o f i l e s  Interpolated from Ranger VI11 

Point No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

- 

c 

np i 1 a t  i o  

Z 

642 5 
6675 
6825 
6825 
6825 
6850 
7100 
7300 
6400 
6450 
6275 
6200 
5600 
6250 
6150 
7700 
7300 
7100 
6875 
7075 
7125 
722 5 
7300 
7300 
7225 
7250 
6550 
6550 
6800 
6375 

- 
Produced b: 

'i 
6456.25 
6681.25 
6812.50 
6800.00 
6743.75 
6793.75 
7031.25 
7268.75 
6437.50 
6412.50 
6300.00 
6168.75 
5668.75 
6143.75 
6106.25 
7700.00 
7343.75 
7081.25 
6837.50 
6943.75 
T006.25 
7143.75 
7268.75 

7043.75 
7068.75 
6368.75 
6537.50 
6725.00 
6387.50 

7168.75 

the  Convei 

e- i  
- 31.25 - 6.25 

12.50 
25.00 
81.25 
56.25 
68.75 
31.25 - 37.50 
37.50 - 25.00 
31.25 

- 68.75 
106.25 
43.75 

0.00 - 43.75 
. 18.75 

37.50 
131.25 
118.75 
81.25 
31.25 

131.25 
181.25 
181.25 
181.25 

12.50 
75.00 - 12.50 

1,450.00 

ional Anal1 

2' -3 
- 79.58 - 54.58 - 35.83 - 23.33 

32.92 
7.92 

20.42 - 17.08 

- 10.83 - 73.33 - 17.08 
-117.08 

57.92 - 4.58 - 48.33 - 92.08 - 29.58 - 10.83 
82.92 
70.42 
32.92 - 17.08 
82.92 

132.92 
132.92 
132.92 - 35.83 
26.67 - 60.83 

- 85.83 

0.10 

Method- (Meter: 

(2' -%)a 

6,332.9764 
2,978.9764 
1,283.7889 

544.2889 
1,083,7264 

62.7264 
416.9764 
291.7264 

7,366.7889 
117.2889 

5,377.2889 
291.7264 

13,707.7264 
3,354.7264 

20.9764 
2,335.7889 
8,478.7264 

8 74.9764 
117.2889 

6,875.7264 
4,958.9764 
1,083.7264 

291.7264 
6,875.7264 

17,667.7264 
17,667.7264 
17,667.7264 
1,283.7889 

711.2889 
3,700.2889 

133,822.9170 

Z = Z Coordinate of individual point determined from the profile 
n = number of points 

3- cz = Z coordinate of point determined from the arithmetic mean of the n 
four profiles 

Z - f z  = Deviation of the individual point from the arithmetic mean 

z' = z *  
Z' -g = Deviation of datum adjusted Z coordinate from the arithmetic mean 
(Z' =qa = Square of the deviation of the datum adjusted Z coordimte from t 

- 
= Z coordinate of the point after datum adjustment n 

arithmetic mean 

02, = The estimated standard error  of the individual contour 
differenceB from the arithmetic mean profile 

For this compilation a, = 68 meters. 
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Table 8-X, Comparative Analysis of Profiles Interpolated from the 
Ranger VI11 Compilation Produced by the Analog Plotter/ 
Mathemi 

Point No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

. 26 
27 
28 
29 
30 

c 

2 
645 0 
6725 
6800 
6800 
6750 
6800 
7000 
7275 
6475 
6425 
6375 
6175 
5 700 
6 125 
6125 
7700 
7375 
7150 
7000 
6975 
7075 
7150 
72 75 
7125 
6975 
7000 
6150 
6550 
6725 
6400 

ical Orientation Methol 

E 
6456.25 
6681.25 
6812.50 
6800.00 
6 743.75 
6793.75 
7031.25 
7268.75 
6437.50 
6412.50 
6300.00 
6 168.75 
5668.75 
6 143.75 
6106.25 
7700.00 
7343.75 
7081.25 
6837.50 
6943.75 
7006.25 
7143.75 
7268.75 
7168.75 
7043.75 
7068.75 
6368.75 ' 
6537.50 
6725.00 
6387.50 

Z-Z 

- 6.25 
43.75 - 12.50 
0.00 
6.25 
6.25 - 31.25 
6.25 
37.50 
12.50 
75.00 
6.25 
31.25 - 18.75 
18. '75 
0.00 
31.25 
68.75 
162.50 
31.25 
68.75 
6.25 
6.25 - 43.75 - 68.75 - 68.75 

-213.75 
12.50 
0.00 
12.50 
175.00 

(Meters) 

- 12.08 
37.92 - 18.33 - 5.83 
0.42 
0.42 - 37.08 
0.42 
31.67 
6.67 
69.17 
0.42 
25.42 - 24.58 
12.92 - 5.83 
25.42 
62.92 
156.67 
25.42 
62.92 
0.42 
0.42 - 49.58 - 74.58 - 94.58 

-224.58 
6.67 - 5.83 
6.67 
0, 10 

Z = Z Cbordinate of individual point determined from the profile 
n = number of points 

'z= a = Z coordinate of point determined from the arithmetic me n 
four profiles 

Z-z = Deviation of the individual point from the arithmetic mean 

Z' = Z f a = Z coordinate of the point after datum adjustme 
Z' -2 = Deviation of datum adjusted Z coordinate from the grit 
(Z' -ga = Square of the deviation of the datum adjusted Z m o r  

n 

arithmetic mean 

= The estimated standard e r ror  of the individual e 
differences from the arithmetic mean profile 

For thiq compilation oZ = 61 meters. 
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Table 8-XI. Comparative Analysis of Profiles Interpolated from the Ranger VIII 

Point No, 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
1 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

* 26 
27 
28 
29 
30 
c 

- cornpilati 
~Z 
-ill 

6575 
6750 
6900 
6900 
6800 
6875 
7100 
7375 
6550 
6450 
6350 
6300 
5775 
6225 
6175 
7800 
7450 
7175 
6900 
7025 
7050 
7225 
7375 
7250 
7075 
7125 
6375 
6600 
6775 
6475 

Produced b 
E 

6456.25 
6681.25 
6812.50 
6800.00 
6743.75 
6793.75 
7031.25 
7268.75 
6437.50 
6412.50 
6300.00 
6168.75 
5668.75 
6143.75 
6106.25 
7700.00 
7343.75 
7081.25 
6837.50 
6943.75 
7006.25 
7143.75 
7268.75 
7168.75 
7043.75 
7068.75 
6368.75 
6537.50 
6725.00 
6387.50 

the Compai 
E-z 

118.75 
68.75 
87.50 
100.00 
56.25 
81.25 
68.75 
106.25 
112.50 
37.50 
50.00 
131.25 
106.25 
81.25 
68.75 
100.00 
106.25 
93.75 
62.50 
81.25 
43.75 
81.25 
106.25 
81.25 
31.25 
56.25 
* 6.25 
62.50 
50.00 
87.50 

2,325.00 

.tor/Analytl 
E' -z 
41.25 - 8.75 
10.00 
22.50 
-21.25 
3.75 - 8.75 
28.75 
35.00 
-40.00 
-27.50 
53.75 
28.75 
3.75 - 8.75 
22.50 
28.75 
16.25 
-15.00 
3.75 

-33.75 
3.75 
28.75 
3.75 

-46.25 
-21.25 
-71.25 
-15.00 
-27.50 
10.00 
0.00 

76 5625 
100.0000 
506.2500 
451.5625 
14.0625 
76.5625 
826.5625 

1,225.0000 
1,600.0000 
766.2500 

2,889.0625 
826.5625 
14.0625 
76.5625 
506.2500 
826.5625 
264.0625 
225.0000 
14.0625 

1,139.0625 
14.0625 
826.5625 
14,0625 

2,139.0625 
451.5625 

5,076.5625 
225.0000 
756.2500 
100.0000 

23.718.7500 

Z = Z Coordinate of individual point determined from the profile 
n = number of points 

- z =  

Z-Z = Deviation of the individual point from the arithmetic mean 

Z ' = Z f  ;t;(z-rq = Z coordinate of the point after datum adjustment 
Z' -3 = Deviation of datum adjusted 2 coordinate from the arithmetic mean 
(Z' -qa = Square d the deviation of the datum adjusted Z coordinate from the 

= Z coordinate of point determined from the arithmetic mean of the 
four profiles 

- 

arithmetic mean 

=z- - 4- = The estimated standard error of the individual colltatr _I 

differences from the arithmetic mean profile 
For this compilation oz = 29 meters. 
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Z = Z Coordinate of individual point determined from the profile 
n = number of points - z =  @ = Z coordinate of point determined from the arithmetic mean 

four profiles 
Z-z  = Deviation of the individual point from the arithmetic mean 

= Z coordinate of the point after datum adjustme 
- 

, Z' = Z f 

Z' -2 = Deviation of datum adjusted Z coordinate from the a r i t ~ e ~ i c  
(Z' -Ba = Square df the deviation of the datum adjusted ;Z coordinate fro 

OZ= 1- = The estimated standard e r ro r  of the i 

For this compilation aZ = 57 meters. 

arithmetic mean 

differences from the arithmetic mean profile 
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RANGER V l l i  LUNAR MAP 
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Figure 8-18, Ranger Compilation 531-537, 
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Prepared by the Army Map Servlce (AM). Corps of Engineers. U S 
Army. Washmpton. D C for the National Aeronautics and Space Admm 
1stratton Compiled m 1966 by analytical stereophatogrammetnc and 
digital contouring methods from Ranger VI11 photography furnished by 
the Jet PropuIS10n Laboratory (JPL) dated 1965 Horizontal and vertical 
pos1tmning of the topographic data was accomplished by Utilizing the 
posttton of Observed surface Pomtsfurnlshed by JPL and exlstlng Iu 
nar map sources. The topographic data 1s portrayed w t h  a two sigma 
confidence interval Named features were derived from and referred 
to "Named Lunar Formations" (1935) by M 81agg and K Muller 

MARE TRANQUILLITATIS 

Figure 8- 19. Ranger Compilation 563-565. 
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Figure 8-20. Ranger VI11 Exposure 531. 



Figure 8-21. Ranger VIII Exposure 537. 
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(b) Diapositives. An enlarging-reducing camera was used 

to reproduce the 16-mm-format negatives on super flat 9- x 9- x 0.25-inch 

glass plates at an enlargement rat.io to yield an equivalent focal length 

of 6 inches. The diapositive scales for exposures 531 and 537 were 

1:1,345,144 and 1:1,154,857, respectively. 

(3)  Procedure. (a) Relative Orientation. Relative orientation 

was accomplished by orienting the plotting caneras to each other to obtain 

an observed parallax-free model. The model could not be horizontalized 

because the inherent common tip in the photography exceeded the physical 

limitation of the instrument. Thus, it was necessary to describe the 

model in terms o f  relative x,y, z-instrument coordinates and to mathe- 

matically transform these measurements into X, Y, Z-surface coordinates. 

(b) Scale. - 1 Model. The scale at the center of the 

relatively oriented model was 1:986,851. 

- 2 Viewing. A 4 . 5 ~  ocular magnification pro- 

vided at 1:219,303 viewing scale. 

(c) z-coordinate Observation Precision. The precision with 

which z-coordinates could be observed in the stereomodel was determined 

by one operator who took three observations of each of the 25 selected 

points. Fro= these Dbservations a l-sigma-heighting precision was cal- 

culated (table 8-XIII).The l-sigma-heighting precision for this model was 

100 meters. 
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Table 8-XIII. Z-coordinate Observation Precision f o r  Model 531-537 (mm) 

Pt. No, 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

Obse rvatio 

21 

98.75 
98.75 
98.10 
98.14 
97.40 
97.03 
97.16 
96.48 
96.27 
96.45 
95.77 
95.63 
95.30 
93.93 
93.40 
93.24 
93.04 
92.69 
92.38 
91.78 
91.47 
90.70 
89.21 
88.71 
88.13 

ZB 
98.95 
98.59 
98.12 
98.03 
97.33 
97.06 
96.99 
96.44 
96.15 
96.05 
95.98 
95.56 
95.07 
94.12 
93.45 
93.27 
92.77 
92.49 
92.26 
92.02 
91.39 
90.60 
89.15 
88.80 
88.14 

3 

z3 - 
98.64 
98.60 
98.26 
97.86 
97.47 
97.02 
97.36 
96.57 
96.18 
96.25 
95.87 
95.69 
95.06 
94.12 
93.70 
93.58 
92.90 
92.72 
92.16 
91.83 
91.33 
90.63 
88.88 
88.76 
88-39 

z - 
98.78 
98.65 
98.16 
98.01 
97.40 
97.04 
97.17 
96.50 
96.20' 
96.25 
95.87 
95.63 
95.14 
94.06 
93.52 
93.36 
92.90 
92.63 
92.27 
91.88 
91.40 
90.64 
89.08 
88.76 
88.22 

Deviation from 
Z, -E - 
-0.03 
+o. 10 
-0.06 
+O. 13 
0.00 
-0.01 
-0.01 
-0.02 
+O. 07 
+o. 20 
-0.10 
0.00 

+O. 16 
-0.13 
-0.12 
-0.12 
+O. 14 
+O. 06 
+o. 11 
-0.10 
+O. 07 
+O. 06 
+O. 13 
-0.05 
-0.09 

2, -5 
+O. 17 
-0.06 
-0.04 
+o. 02 
-0.07 
+o. 02 
-0.18 
-0.06 
-0.05 
-0.20 
+o. 11 
-0.07 
-0.07 
+O. 06 
-0.07 
-0.09 
-0.13 
-0.14 
-0.01 
+O. 14 
-0.01 
-0.04 
+O. 07 
+O. 04 
-0.08 

Zr , Z, , Z, = Observation per point (Zi) 

n = Number of observations 
z =Ei = Arithmetic mean of observations per point 

Z i  -2 = Deviation of each observation from the arithmetic mean 
n 

'lean 
Z 3 - 5  - 
-0.14 
-0.05 
+o. 10 
-0.15 
+O. 07 
-0.02 
+o. 19 
+O. 07 
-0.02 
0.00 
0.00 

+O. 06 
-0.08 
+O. 06 
+O. 18 
+o. 22 
0.00 
+o. 09 
-0.11 
-0.05 
-0.07 
-0.01 
-0.20 
0.00 

+o* 17 

w 

0.0494 
0.0161 
0.0152 
0.0398 
0.0098 
0.0009 
0.0686 
0.0089 
0.0078 
0.0800 
0.0221 
0.0085 
0.0369 
0.0241 
0.0535 
0.0709 
0.0365 
0.0313 
0.0243 
0.0321 
0.0099 
0.0053 
0.0618 
0.0041, 
0.0434 

crz = 0.1014 mm 

g(Zi-E)2 = Sum of the squares of the deviation of each observation from the 
arithmetic mean 

f - 
= Standard deviation or precision of a single observation aZ = J ~ i - z ) ~  

At the model scale of 1: 986,851 
n-1 

the standard deviation is approximately 100 meters. 
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(d) Mensuration. An instrument network of stereographic 

(x, y, z) coordinates was measured at increments equal to 1 nun. In 

addition, stereographic coordinates for control points and prominent 

features were measured. One operator made and recorded a minimum of 

three observations of each of the 1350 stereographic coordinates. 

(e) Absolute Orientation. The transformation of the 1350 

stereographic coordinates into surface (X, Y, 2) coordinates at a 1:250,000 

scale was accomplished by using the Analog PlotterlMathematical Orientation 

Method described in chapter 5. The position of observed surface points 

furnished by JPL and the horizontal and vertical coordinates extracted 

from existing lunar maps were used as a bash for the absolute orientation. 

(f) Contouring. The digital contouring technique (described 

in chapter 7) was employed to generate 100-meter contours from the X, Y, 

Z surface data. The generated contours were then subjectively enhanced 

in accordance with the photo-interpretation skill of a cartographer. 

(4) Results. This compilation (fig. 8-18) was combined with a 

pictorial relief backup on a Mercator projection and was published at a 

scale of 1 : 250,000. 

c. Ranger VI11 Compilation 563-565. (1) Equipment. The Zeiss 

stereocomparator PSK was used to measure the x, y-coordinates of a 

network of points throughout the model. 

(2) Material. (a) Photography. The stereopair consisted of A 

camera exposures 563-565 (figs. 8-22 and 8-23), which have exposure alti- 

tudes of 45 and 35 km, respectively. Based on the average flight height 

t 

of the two photographs, the base-height ratio of the stereopair is 0.13. 
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Figure 8-22. Ranger VI11 Exposure 563. 
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Figure 8-23. Ranger VIII Exposure 565. 
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(b 1 
' 

A Wild U - 3  p r i n t e r  w a s  used to prepare 

d i apos i t i ves  of 'e 65.' Exposure 565 w a s  prepared a t  a 

1;841,878 contact  scale. 

$ 

The focal, length a t  contact  s c a l e  w a s  41.5737 mm. 

A d i apos i t i ve  of exposure 563 w a s  then prepared a t  a 

exposure 565; t he  r e s u l t i n g  foca l  length w a s  53.4519 

(3) Procedure. (a) Rela t ive  Orientation. 

w a s  performed by a l ign ing  the  d iapos i t ives  so t h a t  

v i s ion  w a s  achieved. After  t he  alignment process,  

d i apos i t i ve  a s  r e l a t e d  t o  the  coordinate system of 

s c a l e  common t o  

mm. 

Relat ive o r i en ta t ion  

. . .. opt imum s t er eo s cop i c  

t he  pos i t ion  of t h e  , 

the  stereocomparator 

w a s  determined by measuring the  f i d u c i a l  marks of t h e  photographs. 

(b) Scale. 1 Model. The sca l e  a t  t he  center  of t he  - - -  
r e l a t i v e l y  or ien ted  model was 1:841,878. 

- 2 Viewing, A 16x ocular  magnification provided a 

viewing sca l e  of 1:52,617. 

(c) z-coordinate Observation Precis ion.  The prec is ion  with 

which e leva t ions  could be determined w a s  bas i ca l ly  a funct ion of t he  

prec is ion  measurement of t he  x- and y-image coordinates. The Z-coordinates 

w e r e  no t  observed or  recorded, but w e r e  computed from da ta ,  such as t h e  

measured x- and y-image coordinates,  foca l  length,and taking camera 

o r i en ta t ion  data. I n  order t o  determine t h e  r e l i a b i l i t y  of computed 

Z-coordinates one operator  made e igh t  measurements and recordings of t h e  

x- and y-image coordinates of s i x  poin ts  common t o  the  two photographs. 

ci- 

Eight e leva t ions  were computed f o r  each point  by the  Comparator/Analytical 

Method. 

program. 

model was 24 m e t e r s .  

These d a t a  were then processed through a s t a t i s t i c a l  ana lys i s  

A s  shown i n  t a b l e  8-XIV, t h e  l-s-igma-he-ighti-ng prec is ion  f o r  t h i s  
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Table 8-XIV. Z-coordinate Observation Precision for Model 563-565 (Meters) 

Coordinate per  
Observation No: 

Z SIGMA L = 23.475 

- cz z = 2 = Arithmetic mean 
A N  

Zp = Computed Z coordinate of the point 

AN = Number of readings per point 

SIGMA Z = [E?! ’ = Standard deviation for an individual point 
AN- il 

Z = Z -E = Residual 

RMSE Z = p:iq ’ = Root mean square e r r o r  for an individual point 

Z SIGMA L = = Standard deviation for all points 

b 

n = Number of points observed 
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(d) Mensuration. The mensuration phase was similar to 

that employed for compilation 531-537. In essence, the difference 

that only'x- and y-coordinates of a point were measured. For this model, 

a network of 2200 points was measured at a 1/2-mm interval and recorded 

in digital form. In addition, points to further define significant 

features were also measured and recorded. 

observations for each point. 

One operator made three 

(e) Absolute Orientation. A composite of observed surface 

points furnished by JPL and control from existing lunar maps (transformed 

into Mercator grid coordinates and elevations) were used as a basis for 

absolute orientation of the digitized data. Absolute orientation was 

performed by the ComparatorlAnalytical Method previously discussed in 

chapter 6. 

(f) Contouring. The portrayal in contour form of the 

computed surface points (X, Y, Z-coordinates) was identical to the 

contouring method used for compilation 531-537, except that the contour 

interval was 50 meters. 

( 4 )  Results. Compilation 563-565 (fig. 8-19) was combined with 

a pictorial relief backup portrayed on a Mercator projection and was 

published at a scale of 1:50,000. 

16. DISCUSSION. a. Analytical Reduction Validity Test, The tests of 

the two analytical adjustment approaches (Analog Plotter/Mathematical 

Orientation and Comparator/Analytical), using the Arizona Test 

photography, have proven their validity, and have shown that absolute 

orientation of a model can be obtained. The absolute orientation is 

comparable or superior to the Conventional Analog Stereophotogrammetric 
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Method. However, the  e f f e c t  of the  p l ane - f i t t i ng  process of the 

contouring program, employed to  generate contours from the d ig i t i zed  

data ,  w i l l  decrease the accuracy of the  f i n a l  product. 

t o  produce a topographic compilation using these approaches is: 

The t i m e  required 

approximately one minute per point €or mensuration i n  the Analog P l o t t e r /  

Mathematical Orientation Method; and two minutes per point i n  the 

Comparator/Analytical Method. I n  addi t ion,  approximately 60 hours 

are required f o r  t he  reduction, analysis, and d i g i t a l  contouring. As a 

r e s u l t  of the  man-hours required t o  produce a compilation from these 

methods, i t  i s  recommended tha t  these two methods be used only for  

control  adjustment and t o  produce topographic data  when the  geometry 

of photography exceeds the  physical l imi ta t ion  of s te reoplo t t ing  equipment. 

b. Compilation Methods. Discussion of t he  four compilation methods 

is  l imited to  the comparative ana lys i s  of t he  hypsometric data  derived 

from these methods. The ana lys i s  revealed t h a t  the  magnitude of t he  

estimated standard deviat ion of t he  individual contour f o r  each of the  

compilations was inconsis tent  with the  order of z-coordinate observation 

precision. The fac to r s  which caused t h i s  were: 

(1) The precis ion of the  z-coordinate observations w a s  

determined by taking a minimum of th ree  r e p e t i t i v e  observations on a 

spec i f i c  number of points ;  however, 

(2) I n  the  ac tua l  contouring procedure for  two of the  methods, 

each point w a s  observed only once; while 

(3) For t h e  remaining two methods, which u t i l i z e d  the  Dig i t a l  

Contouring Method, each point  i n  a network w a s  observed th ree  times. 



201 

(4) There w a s  var ia tgon  i n  t h e  dens i ty  con t r a s t  of t he  

diapos it ives  . 
(5) The s k i l l  of t h e  ind iv idua l  opera tors  var ied.  

17. CONCLUSIONS. It w a s  concluded from t h e  production and analyses  

performed during t h e  Experimental Mapping Phase t h a t :  

a. The m o s t  e f f i c i e n t  means f o r  expedient map production from 

unconventional car tographic  photography w i l l  be t h e  use of a n a l y t i c a l  

and s p e c i a l l y  adapted f i r s t d o r d e r  analog s t e r e o p l o t t e r s .  

b. Analyt ical  Topographic Compilation is technica l ly  f eas ib l e .  

It w i l l  be of prime importance i n  t h e  event t h a t  t h e  Orbi te r  material 

i s  geometrically d i s t o r t e d  t o  t h e  ex ten t  t h a t  i t  w i l l  not be usable  on 

analog and a n a l y t i c a l  s t e r e o p l o t t i n g  equipment. I n  view of t he  man-' 

hours required to  produce a compilation by t h i s  method, it should be 

r e s t r i c t e d  f o r  use only with photography wherein the  geometry exceeds the  

P 

physical  l i m i t a t i o n s  of conventional and a n a l y t i c a l  s t e r eop lo t t i ng  

equipment . 
c. The four reduct ion methods w i l l  provide t h e  capab i l i t y  t o  

produce topographic maps from t h e  Lunar Orbi te r  photography. Se lec t ion  

of t h e  method(s) w i l l  be determined by t h e  materials furnished,  t h e  

accuracy required,  and t h e  production t i m e  a l l o t t e d .  
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CHAPTER 9 

PROJ CONCLUSIONS 

1. BASE-HEIGHT STUDY. The relationship of the distance betw 

stations (base) with respect to the distance above the surface (height) 

is one of the primary specifications for the acceptance or rejection of 

photography to be used photogrammetrically. Predictions concerning the 

effect of this relationship on the precision of observation had often 

been expressed mathematically, but had not been followed by experimental 

measuring. It was, therefore, necessary to collect a significant number 

of measurements of the Z-coordinate for various base-height ratios and 

to determine by statistical analysis the precision of Z-coordinate obser- 

vations at the small base-height ratios of the Ranger and the planned 

Orbiter photography. The study resulted in data necessary to determine 

optimum projection distance as a function of the variables of magnifi- 

cation, base-height ratio, altitude differences and setting precision. 

It was concluded that the maximum precision for a single coordinate 

observation ranges from 0.01 mm (at the normal ratios of 0.62) to 0.09 mm 

(at the ratio of 0.03). 

2 .  ANALOG STEREOPLOTTER CAPABILITY EXTENSION. The geometry of the 

Ranger photography exceeded the physical ranges of f irst-order analog 

stereophotogrammetric instruments. 

the practicability of extending the present physical ranges of an AMs 

A study was initiated t o  determine 

Stereoplanigraph C-8 to accommodate the Ranger photography. 

concluded ' that advance calculation concerning the proper camera , or 

teaming of different focal-length cameras, will extend the instrument 

The study 

6 .  
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ranges of camera inclination in line of flight and altitude difference 

between exposures, in addition to providing plotting scales that will 

permit maximum use of the inherent resolution of extraterr 

photography. The capability extension of a Stereoplanigraph C-8 in- 

volved modification, redesign, procurement of a complete line of plotting 

cameras that ranged from 100- to 610-mm fscal length, test, and evaluation. 

A modified Stereoplanigraph produced Ranger compilations. 

3. ANALYTICAL TOPOGRAPHIC COMPILATION. With the increased requirement 

for mapping from unconventional photography has come the possibility that 

the geometry of such photography will exceed the physical ranges of 

modified analog and analytical plotters. In view of this, an ihvesti- 

gation was initiated to determine the possibilities of an analytically 

compiled map. The methods derived require a dense network of spot 3 

elevations to be established by mathematical absolute orientation and/or 

analytical photogrammetric methods. A stereoplotter is used to measure 

data for input into the mathematical absolute orientation method and a 

stereocomparator is used for the analytical method. The next step is to 

obtain absolute orientation by computer programs. Contouring is then a 

mathematical interpolation by a computer, and subsequent plotting by a 

line plotter, These methods will be of prime interest in the event that 

the geometrical characteristics of the Orbiter material is distorted to 

the extent that it is not usable on analog and analytical photogrammetric 

instruments. 

4 .  EXPERIMENTAL MAPPING PROPER. Experimental mapping from Ranger 

photography was performed by both analog and analytical methods. With 
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the analog approach, a modified Stereoplanigraph C-8 and an AS-11A Ana- 

lytical Plotter were used. Analytically, a Stereoplanigraph C-8 and 

Stereocomparator were used to obtain raw data for the production of 

contours by computer methods. It is concluded that these approaches, 

combined with the experience gained, are the solution to the prime 

objective which was to develop optimum methods for the reduction of 

Orbiter photography. It was proven from using Ranger photography that 

these approaches provide the most practical means for the production of 

lunar topographic maps from unconventional photography, 


